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by
Mike T. Lin
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Dr. Lawrence D. Longo, Chairperson

In ovine middle cerebral arteries, it has been shown that the [Ca2+]j change in
response to iberiotoxin, a selective BK channel blocker, is significantly different between
adult and fetal VSMCs. Our study of basilar VSMCs in whole-cell preparations showed
that the total outward current density of fetal myocytes (57.9 ± 6.7 pA/pF) was greater
than that of the adult (37.9 ±1.8 pA/pF). This increase in outward current density is
contributed by an increase in BK channel current density in fetal myocytes. Excised,
inside-out preparations showed that the unitary conductance, as well as the BK channel
expression, did not differ between the two age groups. However, voltage-activation
curves showed that the BK channel open probability (P0) at the same [Ca2+] was much
greater in fetal myocytes than that of the adult. This increased Pa in fetal VSMCs was
shown to be due to decreased calcium set-point {Ca0). The Ca0 of BK channels were 8.8
and 4.7 pM in adult and fetal myocytes, respectively, suggesting that at the same [Ca2+]
and voltage, more fetal BK channels are activated. Thus the increased BK channel
current density in fetal myocytes appears to result from a lower Cao.
Several factors, including channel splice variants, micro-environment of the
channel, and post-translational modification have been shown to modulate BK channel
activity. To follow-up on the study, the underlying mechanisms that affect BK channel
activity were examined. The amount of channel-associated protein kinases and
xn

phosphatases was examined. Our results indicated that adult myocytes have greater
channel-associated PKA activity, while those of the fetus have greater channel-associated
PKG activity. Furthermore, the protein phosphatase activity in the fetal myocytes was
much greater than that of the adult. Together, the results suggest that BK channels are
modulated by protein kinases and phosphatases—phosphorylation/dephosphorylation can
change BK channel activity.
The hypothesis that Cao is modulated by phosphorylation was further tested. This
study showed that phosphorylation and dephosphorylation do not change voltage or Ca2+
sensitivity of the channel. Rather, phosphorylation and dephosphorylation change BK
channel activity and Cao- This result suggests that Cao may be used as an indication of
the extent of BK channel phosphorylation.
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CHAPTER ONE
INTRODUCTION
1.1. Vascular Smooth Muscle
1.1. A. Background
The arterial wall is composed of three cell layers. The intima is the inner-most layer
composed of a single layer of lining cells, the endothelium, and an underlying basement
membrane called the internal elastic lamina. The media is the middle layer that has
circular and longitudinal smooth muscle cells, and elastic fibers and connective tissues
interspersed to withstand the pressure within. The adventitia is the outer layer that has
longitudinally directed elastic fibers and collagen as well as fibroblasts, macrophages,
nerve fibers, and small blood vessels. As the arterial size decreases, the fraction of
muscle cells to elastic fibers increases in the media. This is beneficial because the small
arteries participate in the resistance of the hydraulic circuit. In fact, in the smallest
arterioles the media consist of a single layer of smooth muscle cells.
Vascular smooth muscle cells (VSMCs) are one of the most important regulators
of the vascular tone. The cells normally exist in a partially contracted state, are able to
further contract or relax upon stimulation with different agonists or antagonists. Because
their alignment is perpendicular to the longitudinal axis of the blood vessels, when
contracted, VSMCs are able to constrict the blood vessel, resulting in an increase in
vascular tone. Although considerable insight has been gained into VSMC pharmacomechanical and electro-mechanical signal transduction mechanisms, little is known of the
changes in these mechanisms with development.

1.1. B. Components of Vascular Smooth Muscle Cells
1

Vascular smooth muscle cells in intact artery are ribbon-like. When isolated, they
are spindle shaped and approximately 10-60 pm long by 2-4 pm wide. When contracted,
the VSMCs become shorter and thicker. Due to the arrangement of the contractile
elements in the cells, the cells contract in a spiral fashion and show no striations, as seen
in skeletal muscle cells.
The basic contractile unit within a VSMC is a sarcomere-like unit composed of
actin and myosin filaments. However, as compared with skeletal muscle cells, smooth
muscle cells contain less myosin and more actin. Thin filaments surround the thick
filaments in about 10:1 ratio, rather than 6:1 as in a skeletal muscle sarcomere.
In addition to thick and thin filaments, VSMCs contain a third network,
intermediate filaments that form an internal skeleton. These intermediate filaments are
associated with dense bodies, and together, they link the cells so that groups of VSMCs
can contract as a whole.
Similar to cardiac muscle cells, are gap junctions between smooth muscle cells
allow for electrical communication. Each gap junction hemichannels is formed by six
connexin proteins and contacting hemichannels in adjacent cells form a narrow, hollow
tube that connects the cytoplasm of one cell to the next (2 hemichannels each with 6
connexins). This allows ionic currents to flow and to transmit depolarization from cell to
cell. In small arteries and arterioles, gap junctions are also present between VSMCs and
endothelial cells. These myoendothelial junctions are believed to transmit regulatory,
hyperpolarizing signals from endothelium to VSMCs.
The lipid bilayers on the cell surface are highly regulated. One of the evidences
of regulation is the presence of caveolae, which are tiny invaginations on the surface.
Immunoelectron microscopy studies have co-localized both Ca2+-ATPase and IPs-like
2

receptor to smooth muscle caveolae. Caveolae and sarcoplasmic reticulum (SR) are
separated by a distance as little as 10 to 40 run. One of the proteins forming the main
structural component of caveolae is caveolin. Caveolae in the smooth muscle cells may
be involved in calcium transport and in the trafficking of membrane proteins between the
interior and cell surface, coordinating an efficient mechanism for smooth muscle
contraction.
Sarcoplasmic reticulum is another main component within the VSMCs. One of
the most important functions of SR is its regulation of calcium concentration in the
cytosol. For normal contraction, VSMCs depend on an influx of extracellular Ca2+ ions,
as well as SR store release. This is especially true in small resistance vessels. All of these
components play a vital role in the development and regulation of smooth muscle
contraction.

1.1. C. Effect of Maturation
The principal function of the vascular smooth muscle cell is contraction
(contractile phenotype) in mature animals and synthesis (synthetic phenotype) in
immature animals (95). Hemodynamic changes occur throughout embryogenesis and
development. These changes not only affect vascular pattern development as a whole,
but also anatomical variations in individual smooth muscle cell response to local needs.
Studies have shown that repetitive tensional deformation causes endothelial cells to
increase replication and protein synthesis, and VSMCs to increase collagen and
mucopolysaccharide production and to orientate in the direction of stress (130),(131).
In addition, during fetal development VSMCs express contractile proteins, agonist
receptors, ion channels, and signal-transducing molecules, somewhat differently from
3

adult, to suit specialized, fetal, functions. Gene expression is strictly controlled during
the VSMC differentiation process. Although the principal function of mature VSMC is
contraction, the cell is also capable of reverting to its synthetic phenotype or further
differentiating to a new synthetic phenotype at different developmental stages, during
vascular repair, and in vascular disease. Thus, throughout development, VSMCs
demonstrate multiple functions. However, the existence of VSMCs in the synthetic and
contractile phenotypes is not mutually exclusive.
Fully differentiated VSMCs in mature blood vessels continue to synthesize
extracellular matrix components, although at a reduced level, and to retain the ability to
increase this synthesis following vascular injury. Hence, there is a continuum of
phenotypes available to the VSMC ranging from a developmentally immature but
committed VSMC that proliferates rapidly and expresses low levels of smooth muscle
contractile proteins, to the fully differentiated VSMC that shows a low proliferation rate
and is devoted almost exclusively to contraction.
Several lines of evidence suggest that the contractile proteins in adult and fetal
VSMCs are expressed differently (39). Indeed, mature vascular smooth muscle has been
shown to express unique isoforms of contractile proteins that are important for their
differentiated functions. Important differences in the expression of contractile proteins
between adult and fetus include: a-actin (67), myosin heavy chains (69), caldesmon
(126), calponin (37), SM-22a (31), telokin (49), vinculin (42), and tropomyosin (154).
Recent studies from our laboratory show significant developmental changes in collagens,
integrins, laminins, caveolins, focal adhesion kinases, and related proteins (48).
However, even though developmental increases in contractile protein content in
smooth muscle correlate closely with increasing contractility of the tissue, the functional
4

significance of the shifts in contractile protein isoforms is not yet clear. Perhaps the
complex but poorly understood gene expression confers the ability for the fully
differentiated, contractile VSMC to convert to another phenotype; nevertheless, the
differential expression of contractile proteins during development is evident.
A large repertoire of smooth muscle cell surface receptors and ion channels are
expressed, and are critical in influencing the cell’s contractile behavior through effects on
its electrical activities and sensitivity to stimulation by hormones, neurotransmitters, and
other agonists. The expression of specific ion channels and receptors varies widely not
only between vascular beds, but also during developmental stages. Interestingly, most of
these receptors and ion channels are not expressed in the precursors of VSMCs, but rather
appear during VSMC differentiation or maturation (32).
The expression of angiotensin II receptor subtypes in vascular smooth muscle has
been show to be developmentally regulated (143). Furthermore, others have reported
postnatal developmental regulation of other contractile agonist receptors in VSMCs
including muscarinic Mi, M2, and M3 receptors (25); vasopressin Vi and V2 receptors
(94); oti-adrenergic receptors (78, 124); a2-adrenergic receptors (18); P-adrenergic
receptors (120); and inositol 1,4,5-trisphosphate (IP3) receptors (158).

5

1.2. Vascular Smooth Muscle Regulation
1.2. A. Contraction
The state of smooth muscle contraction and relaxation is not an “on” or “off’
phenomenon; it may be somewhere in between, in a whole range of modulations and
gradations. Contractions can be increased in vivo by stimulation of sympathetic nerves,
which act by releasing norepinephrine, along with some adenosine trisphosphate (ATP)
and neuropeptide Y (NPY). Contraction can also be increased by circulating hormones
such as norepinephrine and epinephrine and by ‘local hormones’ such as endothelin
released from the endothelium.
Smooth muscle contraction can be mediated by at least two different means: Ca2+dependent and Ca2+-independent pathways. In the Ca2+-dependent pathway, an increase
in [Ca2+]j increases the probability of Ca2+ ions binding to calmodulin (CaM). When
bound, Ca-CaM can activate myosin light chain kinase (MLCK), which can
phosphorylate myosin light chain, and cause smooth muscle contraction.
To relax the smooth muscle, the added phosphate group on myosin light chain has
to be removed by myosin light chain phosphatase (MLCP). Thus, the process of smooth
muscle contraction and relaxation is a measurement of the balance between the activities
of myosin light chain kinase and myosin light chain phosphatase (52, 127).
Interestingly, while Ca2+ is a major determinant in regulating myosin light chain
kinase activity, it has minimal effect on the phosphatase activity. The myosin light chain
phosphatase activity is mainly modulated by different kinases, including Rho kinase,
protein kinase C and protein kinase G. Therefore, it is possible to modulate smooth
muscle contraction without the presence of calcium—the Ca2+ independent pathway.

6

In addition, the phenomenon of Ca2+ sensitization has been observed. Ca2+
sensitization may be categorized as in the Ca2+ dependent pathway because Ca2+ is
required in the process; however, contractility can be modulated without a change in
[Ca2+]j. This is mainly thought to occur through the modulation of myosin light chain
phosphatase activity. When its activity is increased or decreased and the myosin light
chain kinase activity remains constant (no change in [Ca2+]j), Ca2+ desensitization and
Ca sensitization occurs, respectively.
It is clear that a rise in the concentration of cytosolic free Ca2+ is the major trigger
for the contraction of smooth muscle. Smooth muscle contraction is partially regulated
by electro-mechanical coupling mechanisms, which involve membrane depolarization
resulting in activation of voltage-gated Ca2+ channels in the plasma membrane. In
addition, contraction is regulated by pharmaco-mechanical coupling mechanisms,
whereby agonist can induce contraction by activation of second messenger systems
without depolarizing the membrane.
Electro-mechanical coupling depends on voltage-regulated Ca2+ channels. The
resting membrane potential across smooth muscle cell plasma membrane is usually in the
range of-50 mV to - 60 mV. This is largely an expression of the membrane’s potassium
permeability. When the membrane potential is less negative (depolarization), more
voltage regulated Ca2+ channels open and Ca2+ enters the cell.

This results in greater

smooth muscle contraction, vasoconstriction, and reduced tissue perfusion. For
example, depolarization of the cell membrane, which opens voltage-gated Ca2+ channels
causing Ca2+ influx to increase cytosolic [Ca2+]. Conversely, if the membrane potential is
more negative (hyperpolarization), more of the Ca2+ channels close, and the Ca2+ levels in

7

the cell falls. This results in smooth muscle relaxation (or less contraction),
vasodilatation, and increased tissue perfusion.
Pharmaco-mechanical coupling involves a wide range of extracellular signals
altering cytosolic [Ca ], and the contractile state of smooth muscle, without affecting the
membrane potential. This type of coupling is initiated by activation of specific receptors
in the vascular smooth muscle membrane, such as adrenergic receptors. Superfusion of
norepinephrine at low concentrations causes a sustained contraction with little membrane
depolarization.

1.2. B. Calcium Regulation
Intracellular [Ca ] regulation can be categorized into four main mechanisms:
entry, release, extrusion, and sequestration. In VSMCs, Ca2+ entry is mainly via the
dihydropyridine-sensitive L-type voltage-gated Ca2+ channels on plasma membrane.
These channels are activated when the membrane potential is depolarized. The channels
open and allow the influx of Ca2+ into the cytosol, thus [Ca2+]j is increased. Several
signaling systems can modulate these channels. They appear to be activated by
vasoconstrictors that activate protein kinase C. Vasodilators that stimulate cAMP
production and activate protein kinase A have been reported to both activate and inhibit
these channels. L-type Ca2+ channels are inhibited by increases in [Ca2+]j and activation
of cGMP-dependent protein kinase.
The increase in [Ca2+]j by the influx of Ca2+ through L-type Ca2+ channels may
replenish the SR Ca2+ stores (141), increase [Ca2+]j and depolarize the membrane, or
activate ryanodine receptors (RyR) and cause Ca2+ induced Ca2+ release (CICR) to occur,
which may or may not cause Ca2+ sparks (45). Calcium sparks are caused by a bolus of
8
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Ca released from SR into the subplasmolemma compartment, between plasma
membrane and the SR. These Ca2+ sparks could, in turn, activate BK channels which act
as a negative feedback mechanism.
When activated, BK channels cause spontaneous transient outward current
(STOC), which would hyperpolarize the cell, shut down L-type Ca2+ channels, and cause
vasodilation (60, 66). In addition, Ca2+ can be released from SR through IP3 receptor
channels. IP3 receptor channels are activated when they are bound by IP3. The
activation of IP3receptor channels causes Ca2+ release from SR, or Ca2+ puffs. Calcium
puffs have a tendency to develop into Ca2+ waves, which spread locally or in some cases
throughout the cells. The development of Ca2+waves requires both IP3 receptor channels
and RyR channels to work synergistically.
To return Ca2+ homeostasis to the resting state, Ca2+ needs to be returned to the
extracellular space. This process of Ca2+ extrusion involves moving Ca2+ up the steep
electrochemical gradient by plasma membrane Ca2+-ATPase (PMCA). Calcium extrusion
is an electron neutral mechanism because Ca2+ is pumped to the extracellular space in
exchange for two protons. PMCAs are activated by binding of calmodulin to the COOHterminal end (81). Protein kinases A and G and Ca2+/calmodulin kinase can also
phosphorylate PMCAs to facilitate its Ca2+ transport (155).
Calcium sequestration is an intracellular Ca2+ uptake mechanism. Calcium stored
in cellular organelles may provide important physiological regulation and the potential
for release of Ca2+ during physiological signaling. The most important storage
compartment is the SR, and it is capable of uptake, storage, and specialized releases. The
volume of SR appears to vary between VSMCs, and the abundance is increased in tonic
as apposed to phasic VSMCs.
9

Similar to PMCA, SR membrane has specialized Ca2+-ATPases, known as
SERCA pumps. SERCA pumps translocate Ca2+ from the cytoplasm to the lumen of the
SR. After Ca2+ is pumped into the SR, it is buffered by proteins, such as calreticulin and
calsequestrin (86). These proteins can bind large amounts of Ca2+. And as a result of
high-affinity Ca2+ uptake and intraluminal SR buffering, the actual Ca2+ store is estimated
to reach a Ca2+ concentration of 10 to 15 mM (142). Phospholamban is the most
important known regulator of SERCA pumps. In turn, protein kinase A or G can enhance
the Ca uptake by SERCA by phosphorylating phospholamban and removing its
inhibition on SERCA (107, 149).
In addition, evidence from a variety of cell types suggests that mitochondria play
an important role in Ca2+ homeostasis. Mitochondria develop quite negative membrane
potentials by extrusion of protons via the electron transport chain. This creates a strong
electrochemical gradient for Ca2+ entry, and a Ca2+ conductance in the inner membrane of
mitochondria. Several studies suggested that mitochondrial Ca2+ uptake may be most
important when [Ca ]* levels are high and SERCA pumps may be more important when
[Ca ]j levels are relatively low (30, 62). However, controversies exist and the
relationship between mitochondria and SR regulating [Ca2+]j requires more investigation
(46, 83).
A number of studies have shown that calcium storage, usage and regulation are
very different during development. Both Akopov et al. (3) and Long et al. (76) have
shown that upon agonist stimulation, fetal ovine arteries increase [Ca2+]j primarily due to
increased inward fluxes of extracellular Ca2+. In fact, the fetal cerebral arteries are
almost completely dependent upon extracellular Ca2+ for contraction (20, 76). On the
other hand, adult cerebral arteries mobilize Ca2+ more from intracellular stores when
10

stimulated by agonist, and fetal Ca2+ stores can be depleted more easily than that of the
adult. In addition, it has been shown that adult ovine basilar artery contains more IP3sensitive Ca2+ storage, with the fetal vessels containing more ryanodine-sensitive Ca2+
storage (89). Of interest, in the adult the RyR channels are arranged in clustered
formations which are capable of discharging Ca2+ as Ca2+ sparks, as opposed to in the
fetus, where Ca2+ sparks are rarely seen (43).

11

1.3. Vascular Smooth Muscle Potassium Channels
Besides the complicating roles of Ca2+ ions, K+ ions also play an important role in
regulating VSMC tone. Generally potassium-selective channels set the resting membrane
potential in cells, shape the repolarization phase of action potentials, dampen the
excitability of cells, and control hormone secretion and neurotransmission. In addition,
due to the high conductances of K+ channels, their existence cannot be ignored in the
regulation of smooth muscle contraction.
Activation of K+ channels causes K+ efflux and hyperpolarization of the cell,
resulting in decreased open probability of the L-type Ca2+ channels, and reduced Ca2+
influx. In contrast, if K+ channels are closed, K+ efflux is inhibited and the increase in
[K+]j would depolarize the cell. Depolarization increases the open probability of L-type
Ca channels, resulting in Ca influx, and vasoconstriction.
Thus, opening or closure of the K+ channels may have significant effects on
membrane potential, which is a major determinant for entry of extracellular Ca2+, and
thereby vascular tone (36). Because of the ionic properties of the cell membrane at rest,
the change in activity of only a few K+ channels is sufficient to change membrane
potential significantly, and alter vascular tone (93, 106).

1.3. A. Types of K+ Channels in Vascular Smooth Muscle Cells
Four types of K+ channels have been identified to be present in cerebral blood
vessels (36).

1)

Inward rectifier K+ (Kir) channels are one of the most important channels for the
control of the resting potential in nonstimulated cells. They conduct inward
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currents at potentials more negative than the K+ equilibrium potential but permit
much smaller currents at potentials positive to that potential. Kir channels are
■
inhibited by Ba2+, Cs2+, and extracellular TEA, TBA, Ca2+ and Mg2+ ions.

In smooth muscle, Kir currents have so far been described only in arterial
and possibly arteriolar smooth muscle, and Kir channels may be expressed most
highly in the smooth muscle of small-resistance vessels, rather than in larger
arteries (33, 34, 50). Furthermore, recent studies have identified Kir from isolated
smooth muscle cells from small cerebral and coronary arteries (105, 111).
2)

ATP-sensitive K+ (Katp) channels are composed of Kir and sulfonylurea receptor
(SUR) subunits (71). Vascular KAtp channels are activated during metabolic
compromise of the cell by decreasing [ATP]. Channel activity is also altered by
various cellular factors such as nucleoside phosphate levels, [H+], and oxygen
tension. Vascular Katp channels are also regulated by protein kinases, being
closed by vasoconstrictors that act through PKC, and opened by vasodilators that
act through PKA and/or PKG.
Katp channels can be inhibited by glibenclamide (glyburide), tolbutamide
and external tetraethylammonium ([TEA]0), while they can be activated by
cromakalim, pinacidil, levcromakalim (lemakalim), minoxidil, aprikalim, iloprost,
CGRP, Y-26763, bimakalim, and RP52891. Due to the existence of a variety of
isoforms and combinations in VSMCs, KAtp channels have two distinct
conductances, 15-50 pS and 100-258 pS (93).

3)

Voltage-dependent K+ (Kv) channels are activated in response to membrane
depolarization, but unlike BK channels, the process occurs independent of [Ca2+]j.
The a subunits of Kv channels have six membrane spanning domains, and are
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encoded by members of the Ky gene family, which comprises at least 11
subfamilies (Kyi.0-9.0, KyLQT, EAG), and further diversity is made possible by
the formation of heteromeric channels that comprise two different a subunits, and
by assembly with different p subunits.
Kv channels are inhibited by 4-aminopyridine (4AP), 3, 4diaminopyridine (3,4DAP), 3-aminopyridine (3AP), 2-aminopyridine (2AP)
(112), phencyclidine, TEA, ciclazindol, agitoxin, kaliotoxin, beta-dendrotoxin,
dofetilide, margatoxin, terikalant, and charybdotoxin (also inhibits BK channels).
Compared with the two previous K+ channels, much less is known about the
functional importance of Ky channels. 4AP depolarizes cerebral vascular smooth
muscle and constricts cerebral arteries (65), suggesting that activity of voltagedependent K+ channels influences resting cerebral vascular tone. These K+
channels are also activated by increases in arterial blood pressure (65).
Conductances in physiological K+ gradients fall broadly into two groups.
Small conductance channels are present in rabbit basilar artery [5.5 pS (112)],
porcine coronary artery [7.3 pS (144)] and in rabbit portal vein [5 and 8 pS (14)].
However, a large single-channel conductance has been reported in rabbit coronary
artery [70 pS (57)] and in canine renal artery [57 Ps (41)].
4)

Ca -activated K channels can be divided into at least three subtypes by their
conductances: large (BK, 200 to 300 pS), intermediate (IK, 20 to 80 pS) and small
(SK, 10 to 14 pS). The BK channels can be inhibited by TEA, iberiotoxin, and
charybdotoxin (also inhibits Ky). cAMP, dibutyryl-cAMP, NS 1619 (also inhibits
Ca and Ky channels), met-enkephalin, and isoproterenol are all BK agonists.
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Nanomolar amounts of intracellular dehydrosoyasaponin (DHS-I) induce
discrete episodes of high channel open probability interrupted by periods of
apparently normal activity. DHS-I decreases the Ca2+ concentration for halfmaximal activation of the channel by binding directly to the p subunits of BK
channels (96).
Charybdotoxin, quinine, and TB A are efficient blockers of IK channels.
SK channels can be inhibited by apamin. As the name suggests, BK channels are
activated by increasing levels of intracellular calcium. Moreover, this type of K
channel may be activated by membrane depolarization.
BK channels are thought to be the most abundant in vascular smooth
muscle, with up to 10,000 channels present per cell (93). An important function
of BK channels may be to act as a buffering system in vascular smooth muscle to
limit contraction. The best-studied example of this mechanism relates to the
myogenic response. Elevation in arterial pressure produces membrane
depolarization, increased intracellular calcium levels, and vasoconstriction (22,
64, 66).
BK channels are activated in response to membrane depolarization and
increases m [Ca ]j (including calcium sparks), resulting in hyperpolarization,
which acts as a negative feedback mechanism to limit vasoconstriction (22, 64,
66, 92).

The presence of several types of K+ channels (Figure 1) on the vascular smooth
muscle cell varies among the vessel types and animal species (85, 138). Thus, vessel
type and species have to be taken into account while analyzing and comparing the data
15

and results. In addition, the roles of, and importance of, K+ channels appear to differ
significantly in the fetal cerebral arteries, as compared to the adult (75).
The electrogenic characteristics of K+ channels (Figure 2) have been chiefly
analyzed from rats, rabbits, and pigs. To date, none of the channels have been identified
by patch-clamp technique in sheep cerebral arteries. Thus, it’s important first to analyze
the K+ channels present in sheep cerebral arteries and compare them to other arteries
and/or species. The responses to corresponding agonists and antagonists might be similar
for same types of K+ channels in different species or different arteries of sheep (e.g.
pulmonary arteries). Nevertheless, their functions and dominance might be very
different.
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Figure 1.

Potassium Channels in Vascular Smooth Muscle. Each of the
K+ channels is composed of four pore-forming subunits. The pore
forming subunits are shown for A. Kir, B. KAtp, C. Kv, D. BK.
Some channels also have auxiliary subunits co-expressed to
modulate channel activity.
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Figure 2.

Current-Voltage (I-V) Relationship Plot. Each of the four types
of K+ channels is regulated differently. The voltage sensitive K+
channels (BK, Ky, and Kir) show rectification on the I-V plot.
The pattern of KAtp channels on I-V plot is strictly Ohmic.
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1.3. B. Potassium Channel Regulation
Cyclic nucleotides, namely cAMP and cGMP, act as second messengers, and
through their activation of protein kinases A (PKA) and G (PKG), play a role in
regulating myogenic tone (97, 134). In addition to PKA and PKG affecting myosin light
chain kinase and myosin light chain phosphatase activities (119), they can modulate K
channel activities directly and indirectly. Both PKA and PKG can activate BK channels
(122, 152). In addition, PKA can activate Katp channels (148), and Kv channels (27).
PKG is capable of activating the Katp channel. The role of PKG in activating Kv
channels is still controversial, because of cross activation of protein kinases by cyclic
nucleotides (152).
The versatility of nitric oxide (NO), which activates soluble guanylate cyclase and
increases cell cGMP, complicates K+ channel regulation. Recently, an increased number
of studies suggest that the major function of NO in mediating vascular relaxation is
through the inhibition of 20-hydroxyeicosatetraenoic acid (20-HETE) (70, 132). And this
may help to explain why some studies showed that NO mediates vasodilation through
activating BK channels (9, 10), or KAtp channels (11).
Moreover, Lombard et al. have shown that a reduction in p02 in the rat middle
cerebral arteries may cause the endothelium to release prostacyclin, which activates Katp
channels, but not BK channels (74). Another study showed that hypoxia induced
vasodilation caused an activation of BK channels, but not Katp channels in the pial
arteries of the piglet (16). Thus, it is important to take into account the experimental
method and condition, animal species, as well as the type and size of the vessels being
used (84).
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Several studies have shown maturational differences in adenylyl cyclase and
guanylate cyclase activities (19, 80, 150). Thus, it is not surprising to find that the cyclic
nucleotide levels are higher in immature, as compared to mature, animals (151).
Furthermore, compared to the fetus, adult ovine cerebral arteries have decreased
sensitivity to cGMP (90). However, even with the well-demonstrated maturational
differences in cyclic nucleotides and protein kinase activities, the protein kinase effects
on the K+ channel activities with maturation have yet to be shown.
Protein kinase C (PKC) appears to affect vascular contractility through both thin
and thick filament regulation. Diacylglycerol activates PKC, of which many isoforms are
Ca2+ dependent. When activated, PKC is not only able to phosphorylate caldesmon (145,
146) and calponin in vitro, but also myosin phosphatase to inhibit its activity (115) thus
increasing Ca2+ sensitization. This Ca2+ sensitization is probably mediated by HSP-27
(55). Moreover, PKC can inhibit KAtp, Ky, and BK channel activities in cerebral
vascular smooth muscle cells (21, 123, 125). It is interesting to note that in contrast to
PKA and PKG’s ability to phosphorylate BK channels and increase the channel activity,
PKC is able to phosphorylate BK channels and decrease the channel activity. Thus, there
are probably multiple phosphorylating sites on BK channels and each modulates the
channel activity differently.
In contrast, Barlow et al. claim that PKC can increase BK channel activity in
porcine coronary artery smooth muscle cells (13). Similarly, PKC seems to be able to
activate KAtp channels by inhibiting ATP binding to the channel and increasing its open
probability (73). Since ovine cerebral arteries show a difference in Ca2+ sensitivity (162)
and in the Ca2+ sources (76, 77), it is quite possible that the PKC activities in different
developmental stages are different. In fact, it has been shown that although the basal
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PKC activity in fetal and adult cerebral arteries is similar, the role of PKC in
norepinephrine-induced vasoconstriction differs significantly in the two age groups (78,
79). In part, this may be a function of less (Ca2+-independent) PKCs activity in fetal,
than in adult, cerebral arteries (79). Nonetheless, the relationship between potassium
channel activities with regard to PKC activities during maturation is unknown.
As mentioned earlier, the process of vascular smooth muscle contraction and
relaxation is a balance between the activities of myosin light chain kinase and myosin
light chain phosphatase. The activity of MLCP can be regulated by different protein
kinases, including PKG, atypical PKC (aPKC), and Rho Kinase. To date, Rho Kinase is
believed to act as a mediator between the membrane-bound active Rho A and the
cytosolic MLCP (38, 128). Because the active form of Rho A is believed to be
membrane bound, it would not be surprising that it could modulate potassium channel
activity at the membrane. On the other hand, perhaps Rho A does not modulate
potassium channel activity as, to date, we know of no published data on this topic.
Furthermore, Rho Kinase can be activated by arachidonic acid through the
phospholipase A2 (PLA2) pathway. Arachidonic acid is also able to activate cytosolic
aPKC which can, in turn, activate MLCP directly and indirectly through the activation of
Rho Kinase. Arachidonic acid has been shown to activate BK channels (13, 87).
However, the relationships of PLA2, arachidonic acid, PKA, aPKC, PKG, and Rho
Kinase to potassium channel activity in vascular smooth muscle are not clearly defined.

1.3. C. Potassium Channels in Developing Tissues
Some ion channels in vascular smooth muscle cells are developmentally
regulated. Blood et al. have noted that the expression of L-type Ca2+ channels is
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developmentally regulated (20), in which the fetal cells express more channels than the
adult cells. Reeve et al. have reported a maturational shift from calcium sensitive
potassium channels (BK) to voltage dependent potassium channels (Ky) in ovine
pulmonary arterial smooth muscle cells (108). This maturational shift in K+ channel is
likely due to the change in the total number of K+ channels (as well as type), because the
unitary K+ channel activity did not change.
In contrast, it was recently reported that in rat aortic smooth muscle cells the
potassium currents shift from Ky to BK (44). Since each of the potassium channels is
composed of four or more subunits and each subunit may have different variances, the
developmental effect of potassium channel expression and the subtype of potassium
channels expressed should be studied carefully.
Although cerebral arterial vasodilator responses to certain stimuli are decreased in
older rats, Katp channel activation is preserved (133). Moreover, it has been shown that
KAtp channels are less sensitive to lemakalim activation in newborn than in adult cerebral
arteries of the sheep; maturational increases in the activity of Katp channels contribute
significantly to age-related changes in cerebrovascular contractility (98). Disagreeing,
Long et al. reported that pinacidil activation of KAtp channels is not significantly
different between fetal and adult cerebral arteries. This may be due to different agonists
used (lemakalim vs. pinacidil), and/or different contractile agents used (serotonin vs.
norepinephrine), and/or different ages (newborn vs. fetus).
Despite different findings, Long et al. confirmed the existence of maturational
differences in the activity of K+ channels (75). The activation of KAtp channels has
different effects in adult and fetus. Activating KAtp channels causes tension to decrease
in both adult and fetus, though the intracellular free Ca2+ level ([Ca2+]j) in adult stays
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relatively constant, whereas it decreases in the fetus. This demonstrates that in fetal
cerebral arteries, tension development is more sensitive to [Ca2+]j (75).
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1.4. Calcium-Activated Potassium Channel
The large conductance BK channel is a unique member of the six transmembrane
domain potassium channel family that is activated by voltage and calcium. BK channels
are composed of a pore-forming a subunit (40, 63), and in some tissues, are tightly
associated with an accessory (3 subunit (63, 135). BK channels have diverse
physiological properties with tissue specific distribution. In neurons, BK channels are
functionally co-localized with calcium channels (82, 104), shape action potential wave
form (103, 116), and modulate neurotransmitter release (113, 147).
Several studies showed that the BK channels can be activated in the virtual
2_j_

absence of Ca , suggesting that the channel voltage sensitivity and calcium sensitivity
are not directly linked (54, 114). The general gating scheme seems to involve a central
transition between a closed and an open conformation, which is allosterically regulated
by independent calcium-binding sites and voltage sensors that do not directly interact (28,
53, 54, 114). Thus, calcium and voltage act independently, but additively, to open BK
channels.
Channel diversity is a common theme for the voltage-gated ion channels. In the
superfamily of Ky channels, diversity is achieved in several ways including multiple
genes for the a and (3 subunits, generation of distinct a subunits by alternative splicing,
selective expression of individual subunits, and selective coassembly of subunits (1, 58).
Although the gene family of BK channels is less complicated than the Ky channels, as
only one a gene have been identified to date, BK channel diversity can be achieved in
part through alternative splicing of the BK a subunit, particularly with respect to the Ca2+
sensitivity (2, 139).
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Additional channel diversity may be attributed to selective expression of the BK a
isoforms since individual BK a splice variants show unique expression pattern in the
brain (139). By analogy to other Ky channels, other tissue specific (3-like proteins may
exist which potentially could interact with the a subunit and contribute to the overall
diversity of the BK channel. Furthermore, BK channel function can be fine tuned by the
combination of various tightly-associated kinases and phosphatases (26, 35, 110).

1.4. A. Pore-Forming Alpha Subunit
In smooth muscle, BK channels regulate constriction in arteries (92), uterine
contraction (8), and filtration rate in the kidney (129). Unlike other potassium channel
families, BK channels can as yet only be attributed to a single gene, slowpoke (slo), that
encodes the pore-forming a subunit of the channel. These a subunits have the six
membrane spanning domains of Ky channels but also have further conserved regions that
may contribute to Ca2+ sensing (Figure 3).
In light of the broad tissue localization and diverse functional properties, it is not
surprising that a number of mechanisms have been identified that alter slo channel
properties. These include alternative splicing of the slo RNA (2, 91, 117, 156),
heteromeric assembly with other subunits {slak) (61), and modification by
phosphorylation/dephosphorylation (110, 118, 137) and oxidation/reduction (29).
It is generally viewed that the C-terminus of a subunit contains the Ca2+ binding
sites and regulates BK channel Ca2+ sensitivity. However, the role of the C-terminus of a
subunit is still controversial. Partially, this is a consequence of several of Ca2+ binding
sites on each a subunit. One of the models suggested that each of the four a subunit
contains a high affinity Ca2+ binding site and a low affinity Ca2+ binding site (157).
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Another study suggested in addition to these two Ca2+ binding sites, there is another high
affinity Ca2+ binding site on the a subunit (12).
An engineered variant of a subunit of slo\, termed slo?>, lacks much of the Cterminal tail, including the so-called “calcium bowl”, and is insensitive to Ca2+ (121).
Replacing slol tails with slo?> tails increased the open probability in the absence of [Ca ]j
and reduced Ca sensitivity. Adding back small portions of the tail restored Ca2+
sensitivity (88). Nonetheless, Piskorowski and Aldrich (102) showed that the BK
channel without the whole intracellular C-terminal tail, including the “calcium bowl” and
the RCK (regulator of K+ conductance) domains, retain wild-type Ca2+ sensitivity.

1.4. B. Accessory Beta Subunit
In addition, accessory p subunits are a means of generating BK channel diversity.
At least four p subunits associated with the a subunits have been described and they may
come from different genes or from the same gene with different splice variants. It is
thought that the variety of p subunits can explain much of the well-described functional
diversity of BK.
Type 1 of the human p subunit of the BK channel encoded by slo (hPi) is found
predominantly in smooth muscle where it enhances Ca2+ and voltage sensitivity (23). The
physiological significance of the 31 kDa pi subunit at the integrative level was
demonstrated by Brenner et al. (23), who developed a Pi knockout mouse that possessed
a hypertensive phenotype. This hypertensive model supported the notion that BK is a
negative feedback regulator of smooth muscle contraction and is consistent with the role
of Pi to enhance the Ca2+ sensitivity of BK.
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Although the human p2 subunit contains an additional inactivating protein
extension, the Pi and p2 subunits confer similar functional properties to the a subunit
(23). Moreover, Pi and P2 are the most similar of the four p subunits, having 66% protein
conservation and similar membrane spanning topology (23). The P3 and p4 subunits have
similar membrane spanning topology to Pi and p2 but are structurally and functionally
different. P3, with four known isoforms, has a widespread tissue distribution, with p3C
and p3d highly expressed in the pancreas and testes, respectively (140). p4 is primarily
contained in nerve terminals where it decreases Ca2+ sensitivity of BK and enhances
neurotransmitter secretion (15).
Interestingly, cGMP kinase activates BK in vascular smooth muscle and
mesangial cells. However, cAMP kinase predominantly activates BK in rat brain (109).
Thus the specific BK p subunits may confer different regulatory properties on the a
subunits as demanded by the specialized function of the cell.
The concept that the calcium sensitivity of the BK channel is fine tuned to
respond to calcium signals unique to the physiology of a given cell type is supported by
Brenner et al. (24). In arterial smooth muscle, the pi subunit is essential for the effective
coupling of calcium sparks to BK channels, and enabling the channels to regulate
vascular tone. Hagen et al. (47) further suggested that the coupling of calcium sparks to
BK channels is regulated by PKC. Mutant mice with p subunit knock-out develop
hypertension. Other p subunits may serve similar roles in different tissues. Thus, the
importance of p subunits can not be ignored.

1.4. C. Regulation by Phosphorylation and Dephosphorylation
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BK channels have been shown to be directly phosphorylated by distinct signaling
pathways involving at least four specific protein kinases: PKA, PKC, PKG, and Src (72,
153). PKC inhibits the BK channel in vascular smooth muscle, whereas either PKA or
PKG activate the channel. Because protein kinases of several different signaling
pathways can modulate BK channel activity through phosphorylation, and some of these
enzymes are known to change during development, BK channels are suited to integrate
the actions of multiple signaling pathways in terms of VSMC reactivity.
Direct biochemical evidence that the BK channels are phosphorylated by protein
kinases has been presented. PKG incorporated 32P into the 62 kDa (a subunit) and to a
lesser extent, into the 30 kDa (P subunit) BK channel proteins from biochemically
purified bovine trachea BK channels. A similar effects were observed in crude native
membrane fractions from tracheal smooth muscle (5). Furthermore, PKG incorporated
y- P into immunopurified a subunits of cloned canine colon BK channels in vitro (6).
Interestingly, a hierarchy of BK channel phosphorylation has been reported. PKG
phosphorylation of the BK channels, from bovine tracheal smooth muscle, depends upon
prior channel phosphorylation by PKC (159).
In Drosphila, BK channels (ds/o) bind the catalytic subunit of PKA, but not the
holoenzyme, which is inactive (161). Moreover, Tian et al. (136) have shown that PKA
phosphorylates a serine residue on the C-terminus of BK a subunit, and different splice
variants of the BK channel affect the phosphorylation-induced change in BK channel
activity. These studies suggest that BK channels can incorporate a phosphate group into
the channel protein and both a and p subunits have possible phosphorylation sites.
The role of protein phosphatases is the opposite of protein kinase. Thus, if BK
channels can be directly phosphorylated by kinases, phosphatases should reverse their
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effects. Phosphatase inhibitors increase the activity of BK channels in human pulmonary
artery (100). Moreover, administration of phosphatase inhibitors subsequent to the
protein kinase amplifies the protein kinase induced alteration of BK channel activity (68).
In addition, the application of phosphatase following protein kinase reverses the protein
kinase induced alteration of BK activity. Because phosphatase inhibitors do not affect
activity of the BK channel directly, their effect requires the previous action of the protein
kinases (160). Thus, the idea that protein kinases and phosphatases have antagonistic
effects in the regulation of smooth muscle BK channel activity is generally accepted.

1.4. D. Calcium Sensitivity and Set-Point
The term "calcium sensitivity" is often broadly used. Strictly speaking, calcium
sensitivity refers to the effect of Ca2+ on BK channel activity, independent of voltage.
However, since BK channels are both calcium and voltage sensitive, it is difficult to
separate one from the other. Thus, calcium sensitivity is a measurement of the effect of a
change in calcium concentration on the BK channel activation curve. This effect is
usually measured as a slope of a plot of the log of calcium concentration (log [Ca2+]j)
against the voltage that produces half-activation of the channels (F7/2).
The “calcium set-point” (Cao), on the other hand, is a measurement of the
concentration of Ca required to activate the BK channels when the potential across the
membrane is 0 mV. The calcium set-point where above-mentioned calcium doseresponse Vj/2 intersects the log [Ca2+]j axis. The Cao of BK channels from different
VSMCs has been estimated to be 0.5 pM for guinea pig mesenteric arteries (17), 1 pM
from rabbit portal veins (56), 1.5 pM from rat pulmonary arteries (4), and 9 pM from
hamster cremasteric arterioles (59). Low Cao values indicate the BK channels require
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lower concentration of calcium to activate the BK channels. In other words, BK channels
having low Cao values have higher channel activity at the same [Ca2+]j.
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Figure 3.

Subunits of BK Channels. Each BK channel is composed of four
pore-forming a subunits. The expression of auxiliary p subunits
varies with tissue type. It has been shown that in VSMCs, the
presence of p subunits can increase BK channel activity up to 40fold.
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1.5. Goals and Objectives
Vascular smooth muscle cell contractility is not controlled only by MLCK and
MLCP activities, by expression of different contractile protein isoforms, by the rate of
second messenger generation and degradation, by activity of other protein kinases and
phosphatases, but also by the ability of the cell to regulate its membrane potential. And
there probably are many more factors affecting contractility that have yet to be
discovered. As the contractility of adult and fetal vascular smooth muscle differ, it is
likely that all of these factors contribute to a certain degree to increase or decrease the
contractility.
As mentioned earlier, BK channel activity is modulated by changes in [Ca2+]j and
membrane potential. Both increases in [Ca2+]i and membrane depolarization act
synergistically to activate BK channels. When activated, BK channels open and allow KH
to move from cytoplasm to extracellular space. This hyperpolarizes the membrane to
oppose the depolarizing effect of Ca2+. When the membrane potential is hyperpolarized,
L-type Ca2+ channels are closed, and [Ca2+]j decreases. Thus, BK channels act as a
negative feedback mechanism to increase [Ca2+]j, and their main function is to
hyperpolarize the membrane and reduce [Ca2+]i.
Of interest, the greater expression of L-type Ca2+ channels in the fetus, as
compared to the adult (20), may indicate that the sources of Ca2+ during early
development are different. In fact, Long et al. have shown that in immature animals,
cerebral artery SR Ca stores are relatively poorly developed, and contraction is
dependent on extracellular Ca2+ influx (76, 101). In addition, in fetal cerebral arteries,
tension development is more sensitive to [Ca2+]j. Although, in contrast to their findings,
possibly due to experimental settings, Angeles et al. (7) suggested that IP3 concentration
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level is greater in fetal than in adult common carotid arteries. This may infer that the
2+

Ca release from IP3 receptor channels between adult and fetal SR are different.
Similarly, it has been shown that in cerebral VSMCs, as opposed to the
pulmonary VSMCs, the RyR channels in the fetus display Ca2+ sparks at a very low
frequencies, as compared to the adult, suggesting that the number, and/or arrangements of
RyR on SR in fetal and adult VSMCs differ (43). Furthermore, both the SERCA and
PMCA can be regulated by protein kinases. As it has been shown that the cyclic
nucleotide levels (99) and protein kinase G activities (90) differ during developmental
stages, it is logical to infer that the rates of sequestration and extrusion of intracellular
Ca also differ during development. All of the above suggests that it is quite possible
that the global [Ca2+]j, as well as the localized [Ca2+], differ significantly during
development.
Not surprisingly, BK channels in ovine middle cerebral arteries respond
differently to the activator, NS 1619, during development (75). With the addition of
NS 1619, the vascular tension of fetal cerebral artery was inhibited more than that of the
adult. Although NS 1619 has been reported to block L-type Ca2+-channel in rat cerebral
arteries (51), Long et al. claimed the difference during species development was due to
the difference in BK channels. With the BK inhibitor, iberiotoxin, both adult and fetal
vessels responded with increase in both tension and [Ca2+]j. The change in tension is
about the same for both fetal and adult vessels; however, the change in [Ca2+]j in the fetus
is twice that of the adult. Interestingly, Gollasch et al. had different observations in rat
basilar arteries (43). They reported that iberiotoxin increased [Ca2+]j and decreased
vessel diameter in the adult.

In the neonatal vessel, however, iberiotoxin had almost no
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effect on either [Ca ]j or vessel diameter. The differences between these two studies
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could be due to different animal species, and/or different vessels used. Nonetheless, both
studies indicate that development is associated with a change in BK channel properties.
Many studies have focused on the second messenger systems, and activities as
protein kinases and phosphatases, but no study has examined the possibility that BK
channels mediate the difference in contractility during maturation of cerebral arteries.
Furthermore, we know little about the stoichiometry of channel-associated kinases and
phosphatases (CAKAPs) and whether the stoichiometry or composition of the CAKAPs
change during development. If the localized [Ca2+]j affecting BK differs between adult
and fetal VSMCs, contractility would be affected. It is also possible that the activation
threshold or the sensitivity of the BK channels to Ca2+ differ. In addition, some studies
have shown that hypertensive rats have increased BK channels. Since blood pressure in
the adult is much higher then in the fetus, it would not be surprising that the BK channels
in the adult and the fetal smooth muscle cells differ. Thus, by using the patch-clamping
technique, we should be able to examine the extent to which the properties and
expression of the BK channels on the adult VSMCs differ from that of the fetus and test
the following hypothesis:

1.5. A. BK Channel Activity Varies During Development
The specific aim in this objective was to demonstrate that the total outward K+
current changes during development and this resulted from a change in BK channel
activity, rather than unitary conductance or channel density, and varies during
development. We studied the total voltage-dependent outward currents from adult and
fetal VSMCs using whole-cell patch clamping. The contributions of BK and Ky channels
to the total outward current were examined. Moreover, the inside-out patch clamp
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technique was used to measure the unitary conductance of BK channels. We also
compared the BK channel density between adult and fetal VSMCs. BK channel activity,
calcium sensitivity, and calcium set-point were examined.
BK channel activity can be modulated by many signaling pathways, second
messengers, microenvironments, and splice variations. In inside-out patch preparations,
some of these factors play a minimal role, allowing us to examine closely other possible
factors. The second goal is to monitor the CAKAPs in our patch preparation. Therefore,
the experiments for this aim were designed to test the hypothesis that:

1.5. B. BK Channel-Associated Protein Kinases and Phosphatases Differentially
Modulate Channel Activity During Development
The specific aim in this objective was to demonstrate that some protein kinases
and phosphatases were channel associated and the amount of association differs during
development. We used the patch clamp technique in the inside-out configuration to study
how the endogenous kinases and phosphatases may modulate BK channel activity.
Furthermore, we examined the activity of CAKAPs in the patch. We used cyclic
nucleotides, cAMP and cGMP to activate all the available PKA and PKG, respectively,
and studied how the activated kinases affect BK channel activity. In a novel approach,
by obtaining macropatches in inside-out configuration, we further extended our
measurements on the CAKAPs enzymatic activity.
Protein kinases and phosphatases are potent regulators of BK channel activity.
The sensitivity and efficacy of kinases and phosphatases has been shown to differ from a
developmental stand point. The third goal was to examine how phosphorylation and
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dephosphorylation modulate the BK channel calcium set-point. Therefore, the
experiments for this aim were designed to test the hypothesis that:

1.5. C. BK Channel Calcium Set-Points Represent Phosphorylation States of the
Channel
The specific aim in this objective was to demonstrate that calcium set-point of the
BK channels is modulated by protein kinases and phosphatases. We used macropatches
from inside-out preparations to study how the calcium set-points of the BK channels from
adult and fetal VSMCs are affected by phosphorylation and dephosphorylation.

1.5. D. Methods: Synopsis
General Protocol
For these studies, we used basilar arteries from near-term fetus (~140 days), and
nonpregnant and pregnant adult sheep (2 yr). Basilar arteries were carefully removed and
cleaned of surrounding connective tissue in ice-cold HEPES-buffered solution containing
(in mM): 55 NaCl, 80 Na+-glutamate, 5.6 KC1, 10 HEPES, 2 MgCl2, and 10 glucose, pH
7.3 with NaOH. VSMCs were enzymatically dissociated from dissected basilar arteries
with papain and collagenases. The digested tissues were triturated with a fire-polished,
siliconized glass Pasteur pipette to yield intact, separated VSMCs. The cells were kept
on ice, and used within 6 h.
Coverslips containing adherent VSMCs were mounted in a perfusion chamber for
15 min containing HEPES-buffered solution on the stage of an inverted microscope. The
HEPES-buffered solution was then exchanged for the bathing solution.
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K+ currents were measured using patch-clamp techniques with an Axopatch 200B
amplifier (Figure 4). Currents were acquired, digitized, and filtered using an Axopatch
200B internal 4-pole low-pass Bessel filter. An agar salt-bridge was used to minimize
the solution junction potential differences. All experiments were done at room
temperature.
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Figure 4.

Experimental Design. Experimental recordings are performed in
a recording chamber on an inverted microscope. The chamber is
connected to perfusing syringes for solution exchange. Recorded
signals are amplified and converted from analog to digital data.
The data then is stored and analyzed on a computer.
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2.1. Abstract
A primary determinant of vascular smooth muscle tone and contractility is the
resting membrane potential, which, in turn, is influenced heavily by K+ channel activity.
Previous studies from our laboratory and others have demonstrated differences in the
contractility of cerebral arteries from near-term fetal and adult animals. To test the
hypothesis that these contractility differences result from maturational changes in
voltage-gated K+ channel function, we compared this function in vascular smooth muscle
cells (VSMCs) from adult and fetal sheep cerebral arteries. The primary currentcarrying, voltage-gated K+ channels in VSMCs are the “big” or “maxi” calcium-activated
K+ channels (BK) and voltage-activated K+ channels (Ky). We observed that at voltageclamped membrane potentials of +60 mV in perforated whole-cell studies, the normalized
outward current densities in fetal myocytes were more than 30% higher than in those of
the adult (P < 0.05), and that these were predominately due to iberiotoxin-sensitive
currents from BK channels. Excised, inside-out membrane patches revealed nearly
identical unitary conductances and Hill coefficients for BK channels. The plot of
log[Ca2+]i vs. voltage for half-maximal activation (Vj/2) yielded linear and parallel
relationships, and the change in V1/2 for a 10-fold change in [Ca2+] were also similar.
Channel activity increased e-fold for a 19 ± 2 mV depolarization for adult, and for an 18
± 1 mV depolarization for fetal myocytes (P > 0.05). However, the relationship between
BK open probability and membrane potential had a relative left shift for the fetal
compared to adult myocytes at different [Ca2+]j. The [Ca2+] for half-maximal activation
(i.e. the calcium set-points) at 0 mV, were 8.8 pM and 4.7 pM for adult and fetal
myocytes, respectively. Thus, the increased BK current density in fetal myocytes appears
to result from a lower calcium set-point.
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2.2. Introduction
From a functional standpoint, several developmental differences have been
reported for vascular smooth muscle. These include the resting membrane potential (12),
intracellular calcium regulation (6, 24), the sensitivity of contraction to calcium
concentration (2), and many others (31).
Vascular smooth muscle contraction is determined largely by free intracellular
calcium concentration ([Ca2+]j), and the regulation of [Ca2+]j changes dramatically during
development (1, 6, 24, 29). Developmental changes that may affect the regulation of
2_|_

[Ca ]j involve the different calcium sources (6), inositol 1,4,5-trisphosphate
[Ins(l,4,5)P3]-releasable store (24), the ryanodine-sensitive store (24, 29), and the
membrane potential (12). Furthermore, basilar arterial smooth muscle cells from neonatal
rats exhibited a decreased Ca2+ spark frequency, compared to that of adult VSMCs (14).
In addition, the sensitivity of contraction to calcium differs between adult and fetal
vascular smooth muscle (24, 29). In the ovine middle cerebral artery, the fetal smooth
muscle cells depend more upon the influx of extracellular Ca2+ during smooth muscle
contraction, whereas the adult cells rely more upon the mobilization of intracellular Ca2+
from the sacroplasmic reticulum (1, 24).
In general, membrane potential and [Ca2+]j are closely related, such that
depolarization is associated with increased [Ca2+]j. Thus, the regulation of membrane
potential may be one of the determinants of developmental differences in vascular
smooth muscle activity. In VSMCs, slight changes in the K+ channel activity
dramatically affect the membrane potential (30). Four major types of K+ channels have
been identified in cerebral arterial smooth muscle cells, including Ca2+-activated (BK),
voltage dependent (Ky), ATP sensitive (KAtp), and inward rectifier (Kir) channels (30).
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The BK channels, in particular, are prime candidates for developmental regulation,
because they respond to changes in both [Ca2+]j and membrane potential, and both of
which vary during development.
In one of our previous studies, the activation of BK channels by NS 1619, a
potent BK channel opener, profoundly inhibited vascular tension in fetal middle cerebral
arteries, but decreased tension to a lesser extent in adult arteries (23). This result, and the
recognized role of K+ channels in regulating membrane potential, L-type Ca2+ channel
conductance, and vascular tone, lead us to hypothesize that known developmental
differences in the contractile characteristics of cerebral blood vessels may result, in part,
from age-related changes in K+ channel activity.

61

2.3. Methods
Experimental animals. For these studies, we used basilar arteries from near-term
fetal (~140 days), and nonpregnant adult sheep (2 yrs) obtained from Nebeker Ranch
(Lancaster, CA). All surgical and experimental procedures were performed within the
regulations of the Animal Welfare Act, the National Institutes of Health’s Guide for the
Care and Use of Laboratory Animals, “The Guiding Principles in the Care and use of
Animals” approved by the Council of the American Physiological Society, and the
Animal Care and Use Committee of Loma Linda University.
Artery and cell isolation. We selected arteries from the same anatomical
segments of adult and fetal basilar arteries in order to approximate segments of similar
function and embryonic origin. Consequently the adult and fetal arteries were of
different size (-300 pm vs 200 pm). To determine whether arteries of different size
within age groups have the same current densities, we sampled current densities from
proximal and distal segments of both adult and fetal basilar arteries. We found no
significant differences in current densities within age groups for arteries of different
diameter.
Smooth muscle cells were enzymatically dissociated from dissected basilar
arteries. The cell isolation procedure was modified from that previously described for rat
cerebral arteries (34). Briefly, basilar arteries from adult (200-400 pm diameter) and
fetus (150-200 pm diameter) were cut into 1 mm2 pieces and placed in HEPES buffered
solution containing 0.3 mg/ml papain (Worthington Biochemical Corporation,
Lakewood, NJ) and 1 mg/ml dithioerythritol for 20 min (adult) or 10 min (fetus) at 37°C.
The tissues were then transferred to a second incubation in HEPES buffered solution
containing 100 pM CaCli, 0.6 mg/ml collagenase type F, and 0.3 mg/ml collagenase type
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H (Sigma Blend Collagenase, Sigma, St. Louis, MO), and incubated for 12 min (adult) or
8 min (fetus) at 37°C. All of the enzymatic solutions also contained 1 mg/ml bovine
serum albumin to minimize enzymatic effects on the cells. The digested tissue was
triturated with a fire-polished, siliconized (Sigmacote, Sigma, St. Louis, MO) glass
Pasteur pipette to yield intact, separated smooth muscle cells. The cells were kept on ice
and used within 6 h. To ensure that incubating the fetal and adult tissues in proteolytic
solutions for the isolation procedure did not significantly alter the recorded current
densities of the isolated cells, we incubated adult and fetal tissues in both papain and
collagenase for varying times. We incubated adult arteries in papain for 20 to 40 min and
in collagenase for 12 to 25 min, and fetal arteries in papain for 10 to 20 min and in
collagenase for 8 to 25 min. During these regimens of incubation, we observed no
significant changes over time of incubation in the magnitude of outward current densities
recorded from either the adult or fetal cells. Thus, the proteolytic treatments we used
were optimized to have no significant effect on the recorded outward currents in either
age group.
Whole cell current recordings. Vascular smooth muscle cells adherent to glass
coverslips were mounted in a perfusion chamber for 15 min containing HEPES-buffered
solution on the stage of an inverted microscope (Axiovert 35M, Carl Zeiss Instruments)
where they were viewed to have characteristic elongated shapes with axial ratios of about
10:1 for the adult, and 5:1 for the fetal myocytes. The HEPES-buffered solution was then
exchanged for the bathing solution.
Positive outward currents were measured in the perforated-patch configuration of
the whole cell, voltage-clamp technique (17) using an Axopatch 200B amplifier (Axon
Instruments, Foster City CA). Whole cell currents were recorded with Clampex 8 while
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the cells were held at a steady membrane potential of -60 mV. Currents were filtered at
1 KHz, using an Axopatch 200B internal 4-pole low-pass Bessel filter, and digitized at 2
KHz. We normalized whole-cell currents with cell capacitance to give current density,
due to differences in cell size between adult and fetus, as well as within a given age
group. An agar salt-bridge was used to minimize the solution junction potential
differences.
Single-channel recordings. Single-channel currents were recorded from insideout membrane patches of isolated arterial myocytes (15). Patch pipettes were fabricated
using a programmable Flaming-Brown pipette puller and standardized fire polishing
procedures. Because the patch pipettes so produced had very similar tip resistances (~15
MQ), the area of contact with each membrane was most probably also very similar (36).
Currents were filtered at 2 KHz and digitized at 10 KHz. The number of channels present
in any given excised patch (N) is estimated from all-points histograms. Channel activity,
v-' N

N

NP0, was calculated by using NPo= ^

QAi, where i is the number of open

channels (0 for closed state), and A{ is the area associated with each channel state as
determined from the curve-fit individual peak areas. The single-channel open probability
(Po) was then calculated from NPo/N. The values for N were obtained by using high
[Ca2d" ] and/or depolarization to ascertain that less than three coincidental open events
occurred during long recordings (>20 s) at a PQ higher than 0.8. Preparations with more
than three channels present were discarded.
Reagents and solutions. Papain was obtained from Worthington Biochemical
Corporation (Lakewood, NJ). Calcium standards and Fura-2 were obtained from
Molecular Probes (Eugene, OR). All other chemicals were obtained from Sigma (St.
Louis, MO). For cell isolation, the HEPES-buffered solution contained (in mM): 55
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NaCl, 80 Na+-glutamate, 5.6 KC1, 10 HEPES, 2 MgC^, and 10 glucose, pH 7.3 with
NaOH. For whole-cell recording, the bathing solution contained (in mM): 134 NaCl, 6
KC1, 1 MgCh, 10 HEPES, 10 glucose, and 2 CaCE, pH 7.4 with NaOH. The pipette
solution contained (in mM): 110 K+-aspartate, 30 KC1, 10 NaCl, 1 MgCE, 10 HEPES,
and 0.05 EGTA, pH 7.2 with KOH, containing 200 ug/ml amphotericin B. The single
channel bathing solution contained (in mM) 140 KC1, 10 HEPES (pH 7.2), 1 Mg2+, and
5 EGTA with several different free Ca2+ concentrations (-300 nM, 1 pM, 3 pM and 10
pM), which were measured fluorometrically using Fura-2. The single-channel pipette
solution had the same composition as the bathing solution with -3 pM free Ca2+.
Data analysis and statistics. All values were calculated as means ± SE. In all
cases, n refers to the number of replicate cells. All statistical comparisons were
performed at the 95% confidence level using two-sample, unpaired Student’s t-tests. All
sample populations were verified to be normally distributed. For comparisons of values
that were not significantly different, power analyses were performed to confirm that
statistical power was 0.7 and the probability of Type II errors was acceptably small.
Curve fitting was performed with GraphPad Prism 3 (GraphPad Software, Inc., San
Diego, CA).
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2.4. Results
Voltage-dependent outward current density in adult andfetal myocytes. To
compare the total outward K+ current in isolated adult and fetal basilar arterial myocytes,
we used the perforated whole-cell, voltage-clamp technique. We measured cell
capacitance as 15.7 ± 0.6 pF (n = 24) for adult and 9.1 ± 0.6 pF {n = 16) for fetal
myocytes (P < 0.01). Thus, arterial smooth muscle myocytes from adult present about
72% more plasma membrane surface area to the bathing medium than cells from fetal
arteries. We confirmed this by microscopic measurements of the cell dimensions. Due to
the mean differences in cell size, we normalized outward currents in terms of membrane
capacitance and presented these data as current densities (Figure 5A).
We recorded total outward currents from cells held at -60 mV and applied a series
of+10 mV depolarizing steps (-60 to +60 mV), each for a duration of 450 msec. We
plotted steady-state current density and found it to be 37.9 ±1.8 pA/pF (n = 6) for the
adult myocytes, and 57.9 ± 6.7 pA/pF (h = 10) for fetal myocytes at +60 mV activation
(Figure 5B). Because the current-voltage relationships exhibit rectification, the
difference in total outward current between adult and fetal myocytes is likely due to
voltage-gated channels.
Voltage-gated, outward currents in adult andfetal myocytes. To distinguish
pharmacologically between the two types of voltage-gated K+ channels, e.g., BK and Kv
channels, and assess their contributions to the differences in outward currents between
adult and fetal arteries, we employed iberiotoxin (IBTX) and 4-aminopyridine (4-AP).
IBTX specifically inhibits the current of BK channels, while 4-AP broadly inhibits most
voltage-sensitive (Kv) K+ channels (30). IBTX and 4-AP produced typical, dosedependent suppression of the outward currents recorded from adult and fetal myocytes
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(Figure 6). We detected no significant differences in sensitivity to either of the drugs
between adult and fetal cells. The half-inhibitory concentration (IC50) for IBTX was
approximately 10'8 M and the IC50 for 4-AP was about 10~4 M.
Iberiotoxin- and 4-aminopyridine-sensitive outward current density in adult and
fetal myocytes. We applied 10"7 M IBTX externally to both adult (Figure 7A) and fetal
(Figure 7B) myocytes to inhibit the BK channel current, and followed by applying 10 -3
M 4-AP in the presence of IBTX in order to also inhibit the Ky channels. The total
outward current density of the untreated fetal myocytes (Figure 7B) was about one-third
greater than that of the adult myocytes (Figure 7A).
The IBTX-sensitive current density was 43% greater in fetal myocytes, compared
to adult myocytes (Figure 7 and 8A). On the other hand, the IBTX-insensitive currents
were not significantly different between the two age groups (Figure 8B). Indeed, in the
presence of IBTX, neither the 4-AP-sensitive (Figure 8C) nor the 4-AP-insensitive
(Figure 8D) currents were significantly different between the two age groups. These
data strongly suggest that the primary cause of the increased positive, outward current in
fetal myocytes compared to adult myocytes is due to the increased activity associated
with BK channels.
Calcium and voltage sensitivity of adult andfetal myocytes. To determine if the
sensitivity of BK channels to intracellular calcium concentrations and/or to membrane
potential account for the increased activity of BK currents in fetal myocytes, we used
inside-out, excised patch preparations of adult (Figure 9A) and fetal (Figure 9B) arterial
muscle cell membrane. The bath solutions, representing cytosolic conditions, contained
different concentrations of free Ca2+, namely 0.35, 1.3, 2.1, and 8.1 pM (Figure 10). The
recorded data were fitted to the Boltzmann equation, Po/P0max = 1/(1 + exp[(Fy/2 67

Vm)IK\), where PQ is the open probability of a single BK channel, Pomax is the maximum
P0 of the BK channel, V1/2 is the membrane potential (Vm) required for 50% activation of
the channels, and K is the logarithmic voltage sensitivity (AFrequired for e-fold increase
in activity; Figure 10A and B). The voltage sensitivities estimated from the curve fits
were similar for all concentrations of Ca2+ tested, and indicated that channel activity
increased e-fold for a 19 ± 2 mV depolarization for adult (n = 4), and for a 18 ± 1 mV
depolarization for fetus (n = 4). The slopes of the curve fits were 10.1 ±0.1 for the adult
(n = 4) and 10.5 ± 0.8 for the fetus (n = 4). The V//2 for the different free Ca2+
concentrations for adult and fetal myocytes are given in Table 1. In general, the V//2
values of the fetal BK channel at different free [Ca2+] is left shifted -18.1 ± 1.5 mV
relative to that of the adult.
We plotted the V//2 values against log[Ca2+] for both adult and fetal myocytes
(Figure 10C). The plot for both adult and fetal values yielded a linear relationship. The
data on the linear fits for both adult and fetal preparations is listed in Table 2. From the
equation for the line fit through these data, we estimated that AF7/2, the change in V//2 for
a 10-fold change in Ca2+ concentration, equaled 67.1 ± 2.5 mV and 67.6 ± 2.7 mV for
adult and fetal myocytes, respectively. Here, we define the calcium set-point as the Ca2+
concentration required for half-maximal activation at 0 mV. The calcium set-points, Cao,
were estimated to be about 8.8 pM and 4.7 pM for adult and fetus, respectively. Despite
the difference in calcium set-point of the BK channels in adult and fetal myocytes, the
unitary conductances of these channels are not significantly different from each other
(Figure 10D). The unitary conductance for adult BK was 221 ± 8 pS (« = 16) and for
that of the fetus 229 ± 5 pS (rc = 12).
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We calculated the Hill coefficient for the Ca2+-dependent activation of the BK
channels using h = SVi/2 / (S In 10), where S is the slope of the voltage-dependent
activation in the Boltzmann function. The values of Hill coefficient for each [Ca2+] were
2.9 ±0.1 and 2.9 ± 0.2 for adult and fetal myocytes, respectively. This indicates parallel
shifts of the Ca response curves induced by voltage changes.
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Figure 5.

Whole-cell current density from ovine VSMCs. In basilar
arterial smooth muscle cells from non-pregnant adult sheep,
voltage-dependent K+ channel currents are similar to those
reported in rat basilar or cerebral arteries (43). In contrast, in the
developing near-term fetus, the net outward currents are much
greater. A: Outward membrane current density elicited by a series
of 10-mV depolarizing steps (-60 to +60 mV) from a holding
potential of -60 mV, are shown in typical adult and fetal basilar
artery myocytes. Cell membrane capacitance values from adult
and fetal myocytes were 15.7 ± 0.6 pF and 9.1 ± 0.6 pF,
respectively. B: Steady-state current-voltage (I-V) relationship of
voltage-dependent outward currents in myocytes obtained from
adult (open symbol) and fetal basilar arteries (closed symbol).
Dotted line shows the 0 current density level. The vertical error
bars indicate standard error (SE) for 6 adults and 10 fetuses.
* Significant differences (P < 0.05) between adult and fetal
myocyte at +60 mV.
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Figure 6.

Dose response curves curves for K+ channel blockers. The dose
dependence of outward current blockade by Iberiotoxin (A) and 4Aminopyridine (B). The ordinate represents the ratio of the
current at the end of 450 ms depolarizations to +60 mV in the
presence and absence of the inhibitors from both adult (open
symbol) and fetal (closed symbol) basilar artery myocytes. The
lines represent best sigmoidal fits to the data. The vertical error
bars indicate SE for 4 adults and 4 fetuses for each IBTX doses,
and 4 adults and 3 fetuses for each 4-AP doses.
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Figure 7.

BK channel current density is higher in fetal myocytes. Control
(square symbol), IBTX inhibited (triangle symbol), and IBTX + 4AP inhibited (diamond symbol) outward current density elicited
from -60 to +60 mV of adult (A, open symbol) and fetal (B, closed
symbol) basilar artery myocytes. The vertical error bars indicate
SE for 4 adults and 5 fetuses.
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Figure 8.

Iberiotoxin-sensitive voltage-dependent K+ channel currents
are significantly greater in myocytes of the fetus as compared
to adult. Open symbols are used for the adult and closed symbols
are for the fetal myocytes. A: Current density of IBTX-sensitive
currents in basilar artery myocytes isolated from adult and fetus.
B: Current density of IBTX-insensitive currents in basilar artery
myocytes isolated from adult and fetus. C: Current density of 4AP-sensitive currents, after IBTX inhibition, in basilar artery
myocytes isolated from adult and fetus. D: The remaining current
density after IBTX and 4-AP inhibition from adult and fetal
myocytes. The vertical error bars indicate SE. * Significant
differences (P < 0.05) between adult and fetal myocyte at +60 mV.
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Figure 9.

Representative inside-out patch recordings. Inside-out patch
recordings of BK channels from adult (A) and fetal (B) myocytes.
Both recordings were held at -40 mV so that the BK channels
experienced +40 mV depolarization. The [Ca2+] in the bath was
1.3 pM. Two channels were present in each patch. Dotted lines
represent the states of channels (C, closed; 01, one channel open;
02, two channels open).
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Figure 10.

Basilar arterial BK channels in myocytes from fetal myocytes
are more sensitive to intracellular calcium than myocytes from
adult. Open symbols are used for the adult and closed symbols are
for the fetal myocytes. Both figures A and B indicate voltage
activation curves in varying membrane potentials in symmetrical
140 mM KC1 for various intracellular calcium concentrations
([Ca2+]j). Data are channel activities (P0) expressed relative to
maximum channel activity (Pomax)- Solid lines indicate best fit
curves to Boltzmann equation, P0/Pomax = 1/{1 + exp[(Vi/2 Fw)/K]}, where V1/2 is the membrane potential (Vm) required for
half-maximal activation of the channels, and K is the logarithmic
voltage sensitivity (AV required for e-fold increase in activity).
The voltage sensitivities estimated from the fitted curves were
similar for all concentrations of Ca2+ tested and indicated that
channel activity increased e-fold (-2.72 times) for a 18 ± 1 mV
depolarization for fetus (n = 12), and for a 19 ± 2 mV
depolarization for adult (n = 10). The vertical error bars indicate
SE for 5 adults and 5 fetuses. C. Estimation of changes in V1/2 for
a 10-fold change in [Ca2+]j (AV1/2) and estimation of Ca2+ axisintercept (Cao; Ca2+ set-point) for both adult and fetal myocyte BK
channels. V1/2 values were estimated from data in A and B. The
lines represent the best linear regression fits to the data (see Table
2 for the detailed values of the fits). D. Current-voltage
relationships obtained from same inside-out patches shown in A
and B in symmetrical 140 mM KC1 for both adult (open symbols)
and fetal (closed symbols) myocytes. The solid lines represent the
linear regression fits, using the relationship I = g»V. For adult and
fetus, the best-fit parameters were g = 221 ± 8 pS and 229 ± 5 pS,
respectively.
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Table 1. Ca2+ and voltage sensitivity of adult and fetal myocytes

[Ca2+]j M
3.5x10 -7

Vj/2 Adult
(mV)
92.6

V1/2 Fetus
(mV)
76.6*

&V1/2
(mV)
16.0

1.3x10 -6

56.1

35.3*

20.8

2.1xl0'6

43.9

23.4*

20.5

8.1xl0‘6

0.57

-14.6*

15.2
Average

* Value of fetus significantly different from that of adult {P < 0.05).
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18.1 ± 1.5

Table 2. Linear fits for calcium set-point measurement

Adult

Fetus

-67.1 ±2.5

-67.6 ±2.7

Y-intercept (mV)

-339± 15

-360±16

X-intercept (log M)

-5.056

-5.326*

r2

0.9971

0.9969

Slope (mV/log[Ca2+]i)

Values are linear regression fit results. * Value for fetus significantly different from
that of adult {P < 0.05).
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2.5. Discussion
The present study demonstrates for the first time that BK channel activity in the
ovine basilar arterial smooth muscle is different in adult and fetal arterial myocytes and,
therefore, likely to be developmentally regulated. At depolarized membrane potentials,
the fetal myocytes showed higher outward current density due to their higher BK channel
activity than that of the adult. This finding may broaden the impact of previous findings
that the ryanodine receptors arrangement and Ca2+ spark frequency, which may directly
affect the BK channel activity, also differ in adult and fetal cells (14, 33). Our present
findings offer mechanistic insights into the reported physiological differences between
fetal and adult cerebral vascular smooth muscle cells.
Specifically, our findings show: 1) fetal myocytes have significantly greater
whole-cell voltage-dependent, outward current density than that of the adult; 2) Ky
channel activity is not significantly different between fetal and adult myocytes; 3) BK
channel activity is significantly higher in the fetal than adult myocytes; 4) the unitary
conductances of BK channels in the adult and fetal myocytes do not differ significantly;
and 5) the BK channel set-point is lower in the fetus than in the adult. In summary, these
findings suggest that at any specified [Ca2+]j, the BK channels in fetal smooth myocytes
are likely to be more active than those in adult, since fetal resting levels of [Ca2+]j in the
intact vessel have been reported to be lower than adult (1). To ensure that our procedure
for isolating smooth muscle cells does not disrupt [Ca2+]j, we measured the basal or
resting [Ca2+]j levels of smooth muscle cells isolated from adult and fetal basilar artery
using microfluorometric imaging with Fura-2. We found that basal levels of intracellular
calcium in fetal cells was 149 ± 19 nM (340 nm/380 nm = 0.424 ± 0.027; n = 7) and in
adult cells was 157 ± 15 nM (340 nm/380 nm = 0.438 ± 0.020; n = 10). Vascular smooth
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muscle cells from fetal arteries appear to be somewhat smaller than those from adult.
Furthermore, there are variations in myocyte size between cells from the same and
different individuals of the same age. To compare currents elicited from adult and fetal
myocytes, as well as from different cells of the same age group, we took into account the
differences in cell size. Cell surface is directly proportional to membrane capacitance (4,
11). By expressing the measured currents in terms of cell capacitance, current density
was obtained and used by us to normalize measured currents from different cells within
an age group, and to compare measurements between the age groups.
The total outward current density at a highly depolarized membrane potential was
significantly higher in the fetal myocytes than in the adult myocytes (Figure 5). Because
4-AP-sensitive currents, mediated by Kv channels, were not significantly different
(Figure 5 and 4), and the outward currents remaining after treating with both IBTX and
4-AP were not significantly different between the fetal and adult myocytes, while the
IBTX-sensitive currents in the fetal cells were significantly greater than in the adult cells,
we conclude that the increased current density in the fetal myocytes is predominately due
to increased BK channel currents.
Altered BK channel properties
Ovine middle cerebral arteries from both adult and fetus respond to iberiotoxin, a
calcium-activated potassium channel (BK) inhibitor, with increased tension and increased
[Ca ]j (23, 39). Although the tension increased to a similar extent in arteries from both
age groups, the fetal vessels exhibited twice the increase in [Ca2+]j as the adult (23). On
the other hand, in adult rat basilar arteries iberiotoxin increased [Ca2+]j and tension to a
greater extent than in the neonate (14). In rat neonatal vessels, iberiotoxin had almost no
2+

effect on either [Ca ]j or vessel tension. The nearly opposite results of these two studies
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may be due to differences between species and/or the use of different arteries.
Nonetheless, the findings of both studies may be explained in terms of altered BK
channel properties during development.
Possible causes of higher BK channel current in fetal cells
The relatively higher BK channel current in the fetal myocytes was not due to
differences in unitary conductance or to channel protein expression. The mean unitary
conductances of BK channels in adult and fetal myocytes did not differ significantly
(Figure 9C). Furthermore, our preliminary Western immunoblotting studies show that
the a-subunit of BK channels in the fetal and adult myocytes are similarly expressed
(Longo and Zhao; data not shown). The similarity in the number of functional BK
channel present on adult and fetal myocytes was reflected in membrane patches of insideout experiments, where the average number of BK channels present on the patches from
adult and fetal myocytes were not significantly different. Thus, the cause of the
difference in BK channel current density is most likely due to intrinsic difference in the
BK channel activity.
If both BK channel protein expression and BK unitary conductance (Figure 10D)
are not significantly different between fetal and adult myocytes, then PQ is the likely
cause for the difference in BK channel currents. The total current carried by a specific
channel type (J)\s I = N • P0 • i, where N is the number of channels expressed; P0 is the
open probability of the channel; and i is the unitary conductance of the channel. In other
words, if the total current carried by BK channels, /, is increased in the fetal myocytes
while N and i remained constant, then P0 must be increased in the fetus. Indeed, in fetal
cells we found that at any specific intracellular calcium concentration, the P0 of the BK
channels is increased relative to cells from adults (Figure 10). Increased Pa values of BK
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channels have also been reported by Perez et al. (33) and Gollasch et al. (14) in the rat
basilar arterial smooth muscle cells during development from neonate to adult. The
higher PQ of BK channels in the fetal myocytes could be due to either a lower voltage
sensitivity, a higher Ca2+ sensitivity, or a lower Ca2+ set-point of the BK channels (10).
Voltage sensitivity ofBK channels. In ovine basilar arterial smooth muscle cells,
the depolarizing voltages required to produce an e-fold increase in channel activity, 19 ±
2 mV for the adult and 18 ± 1 mV for the fetus, were not significantly different. These
voltage sensitivities are within the range of values estimated in other types of smooth
muscle cells, namely from 10 to 20 mV (10, 30). Thus, both the adult and fetal myocytes
possess similar voltage sensitivities.
Calcium sensitivity ofBK channels. The sensitivity of the BK channels to
calcium relates to the affinity of the Ca ions binding to the channels, and the average
t

number of Ca ions able to bind to a BK channel at any given time. As suggested by
Carl et al. (10), we can estimate the calcium sensitivities of BK channels for adult and
fetal ovine basilar myocytes from our inside-out preparations. The equation /z = A V1/2 / (S
In 10) suggests a linear relationship between the shift in V1/2 for a 10-fold increase in Ca 2+
(AV//2) and h, the Hill coefficient for activation of BK channels by Ca2+. S is the
steepness of the voltage-dependent activation in the Boltzmann function. The value of
AV1/2 for the adult was calculated to be 67.1 ± 2.5 mV and for the fetus was 67.6 ± 2.7
mV. This suggests that the Ca2+ sensitivity of these channels did not differ significantly
from one another. These values are similar to the AF7/2 values observed in other smooth
muscle cells (10). We also calculated the average Hill coefficients as 2.9 ± 0.1 and 2.9 ±
0.2 for adult and fetal myocytes, respectively, which are similar to the values reported in
other smooth muscle cells (10, 27).
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Calcium set-point ofBK channels. On the other hand, from the calcium set-point
(Cao) estimations, fetal BK channels require only 4.7 pM to activate half of the BK
channels at 0 mV, while adult BK channels require 8.8 pM to half activate. Cao of BK
channels from different VSMCs have been estimated to be 0.5 pM for guinea pig
mesenteric arteries (5), 1 pM from rabbit portal veins (18), 1.5 pM from rat pulmonary
arteries (3), and 9 pM from hamster cremasteric arterioles (19). Thus, our estimations of
the Cao fit within the higher range of values from previous studies. The relatively lower
fetal Cao implies that at a given [Ca2+]j and voltage, the BK channels of fetal myocytes
are more activated than those of the adult. We propose that the lower Cao of BK
channels in fetal cells is either an adaptation to lower resting [Ca2+]j, which in fetal
myocytes is lower than in adults (1), or to higher resting potentials, which in the fetal
myocyte is more depolarized (12), or to compensate for differences in Ca2+ entry.
Nauli et al. (28) suggested that in ovine basilar arteries, maturation decreases Ca

2+

release from ryanodine receptors; however, in neonatal rat cerebral smooth muscle cells
the ryanodine receptors do not act in synchronized fashion to produce Ca2+ sparks, as in
the adult (14). To counter the less frequent Ca2+ sparks of the fetal myocytes, it appears
that the BK channels of fetal cells have a lower calcium set-point. This allows the fetal
myocytes to respond to smaller changes in sub-plasmalemmal [Ca2+] than the adult cells.
In this manner, the lower calcium set-point of the BK channel may act as a protective
mechanism to govern the membrane potential of fetal myocytes.
Possible causes of lower Cao. The difference in PQ of the BK channels of fetal
and adult myocytes appears to be due to an altered Cao. The underlying cause for the
lower Cao of BK channels in fetal myocytes can only be speculated at present. Several
mechanisms are possible. The a subunits of the fetal and adult BK channels might be of
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different iso-forms. Although it has been suggested that in vascular smooth muscle, the
a subunits of the BK channels come from a single gene, it is possible that there are
several variations in the expressed gene due to post-transcriptional modifications, perhaps
involving the ‘calcium bowl’ residing on the carboxyl end of the a subunit (22, 40, 46).
Dynamic association of the a subunits of the BK channel with accessory p subunits
provides another possible molecular mechanism for channel plasticity. To date, eight p
subunits have been identified and shown to differ in their effects on BK channels, and
they may come from different genes or splice variants (21, 42, 45). In vascular smooth
muscle the a subunit is associated specifically with the pi subunit (8, 9, 13, 21, 38).
Experiments monitoring binding of monoiodotyrosine-charybdotoxin (125I-ChTX) to
membranes derived from COS-1 cells transiently transfected with either a or a + p
subunits of the BK channel, indicate that the p subunit enhances ligand affinity by -50fold under low ionic strength conditions (16). It has also been reported that pi subunits
can increase the Pa of the BK channels as much as 40-fold (35, 41). Thus, variations in
associated p subunits may explain the difference in calcium set-point.
Recent studies also have shown that dynamic lipid-protein interactions and lateral
phase separations (i.e. lipid "rafts") among plasma membrane lipids can modulate
potassium channel activities (7, 20, 26). Location within different raft compartments
and/or differences in raft lipid composition may account for our observed difference in
calcium set-point of BK channels in adult and fetal myocytes. Furthermore, BK channel
activity can be regulated post-translationally by different protein kinases and
phosphatases (32, 37, 44). Protein kinases and phosphatases are regulated differently in
adult and fetal myocytes (25, 29). Thus, the post-translational modulation of BK
channels has the potential to differentially modulate the Cao of BK channels during
89

development. These possibilities and others are important considerations for future
research.
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3.1. Abstract
In comparison to adult basilar arterial vascular smooth muscle cells (VSMCs), we
have shown that in fetal VSMCs the BK channels are more sensitive to Ca2+ (i.e. the Ca2+
set-point is lower), and BK channel activity is significantly greater (20). To test the
hypothesis that this age-related difference in BK channel Ca2+ set-point is a result of
differential channel phosphorylation, we compared the manner in which protein kinases
A and G affect BK channel activity by use of excised inside-out patches of basilar arterial
VSMCs from the two age groups. In the fetal VSMCs, endogenous phosphatase activity
was significantly greater than that of the adult. In both age groups, both the catalytic
subunit of PKA and purified PKG left-shifted the voltage-activation of BK channels to a
similar extent. Adding ATP also left-shifted the voltage-activation of BK channels in
both age groups, suggesting the presence of endogenous protein kinase activity in
isolated patch preparations. Fetal VSMCs appear to have more associated phosphatase
activity than those of adult. Furthermore, in fetal VSMCs the rate of the right shift
(dephosphorylation) was about three times faster than that of the adult. Rate
measurements suggested PKA left-shifted the adult BK channel activity much faster than
that of the fetus. However, the rate of the PKG left-shift effect was much lower in adult
than in fetal arteries. In conclusion, our results indicate that VSMC BK channel activity
is modulated by protein kinases. Furthermore, adult excised inside-out patches possess
greater endogenous PKA activity, but the channel-associated PKG activity was
significantly lower than that of the fetus.
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3.2. Introduction
The opening of potassium (K+) channels in vascular smooth muscle cells (VSMCs)
hyperpolarizes cell membrane and inactivates voltage-dependent Ca2+ channels. This
leads to decreased tone and vessel relaxation. Within this pathway, many developmental
difference have been reported, including potassium channel expression (28), potassium
channel activity (20), resting membrane potential (14), intracellular Ca2+ ([Ca2+]0
regulation (4, 22), the sensitivity of contraction to Ca2+ (1, 16), and others (26).
Previously, we have reported that in ovine middle cerebral artery (MCA), the fetal
myocytes depend more upon the influx of extracellular Ca2+ during contraction, whereas
the adult cells rely more upon the mobilization of intracellular Ca2+ from the intracellular
stores (1, 22). These intracellular Ca2+ stores, including that which is inositol 1,4,5trisphosphate [Ins(l,4,5)P3]-releasable, and ryanodine-sensitive (22, 23), also appear to
be developmentally modulated.
Moreover, in general, membrane potential and [Ca2+]j are closely related, such
that depolarization is associated with increased [Ca2+]j. Thus, the regulation of plasma
membrane potential may be one of the determinants of developmental differences in
VSMC activity. Because of their high membrane resistance, slight changes in the K+
channel activity dramatically affect cell membrane potential (25). Also because the
calcium-activated potassium (Kca or BK) channels can respond to an increase in [Ca2+]i
and, thereby, hyperpolarize the membrane and inhibit further Ca2+ entry, BK channels
tightly monitor [Ca2+]j.
Compared to adult VSMCs, the basilar arterial smooth muscle cells from neonatal
rats exhibited much lower Ca2+ spark frequency (18). This probably is due to the
uncoupling and unsynchronized release of Ca2+ from the ryanodine receptors.
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Nonetheless, neonatal myocytes still have minute intracellular Ca2+ release from
ryanodine receptors (18, 27). In fact, mature VSMCs possess different releasable
intracellular Ca pools from that of the immature myocytes (22, 23). We previously have
reported that the BK channels in immature myocytes are more “sensitive” to Ca2+. The
underlying mechanism for this greater sensitivity is that more of the BK channels in fetal
myocytes can be activated with the same amount of Ca2+, that is the BK channel calcium
set-point is lower in the fetal myocytes those of that in the adult (20).
In this study, we have attempted to tease out the underlying mechanisms of the
change in BK channel calcium set-point during development. To modulate BK channel
activity, some studies have suggested differential regulation of protein kinases and
phosphatases, the possibility of channel-associated kinases and phosphatases, and the
capability of these enzymes to phosphorylate and dephosphorylate the channels. These
possibilities lead us to hypothesize that in cerebral arteries, BK channel activity is
modulated by phosphatases and cyclic nucleotide dependent protein kinases in an agedependent manner.
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3.3. Methods
Experimental animals. For these studies, we used basilar arteries from near-term
fetal (~140 days), and nonpregnant adult, female sheep (2 yrs) obtained from Nebeker
Ranch (Lancaster, CA). All surgical and experimental procedures were performed within
the regulations of the Animal Welfare Act, the National Institutes of Health’s Guide for
the Care and Use of Laboratory Animals, “The Guiding Principles in the Care and use of
Animals” approved by the Council of the American Physiological Society, and the
Animal Care and Use Committee of Loma Linda University.
Vascular smooth muscle cell isolation. We enzymatically dissociated vascular
smooth muscle cells from dissected basilar arteries. This cell isolation procedure has
been described previously (20). Briefly, basilar arteries from adult (200-400 pm
diameter) and fetus (150-200 pm diameter) were cut into 1-mm pieces and placed in
HEPES buffered solution containing 0.3 mg/ml papain (Worthington Biochemical Corp.,
Lakewood, NJ) and 1 mg/ml dithioerythritol for 20 min at 37°C. The tissues were then
transferred to a second incubation in HEPES buffered solution containing 100 pM CaCL,
0.6 mg/ml collagenase type F, and 0.3 mg/ml collagenase type H (Sigma Blend
Collagenase, Sigma, St. Louis, MO), and incubated for 15 min at 37°C. All of the
enzymatic solutions also contained 1 mg/ml bovine serum albumin to minimize
proteolytic effects on the cells. The digested tissues were triturated with a fire-polished,
siliconized (Sigmacote, Sigma) glass Pasteur pipette to yield intact, separated VSMCs.
The cells were kept on ice, and used within 6 h.
Single-channel recordings. We mounted coverslips containing adherent VSMCs
in a perfusion chamber for 15 min containing HEPES-buffered solution on the stage of an
inverted microscope (Axiovert 35M, Carl Zeiss Instruments, Chester, VA) where they
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were viewed and verified to have characteristic elongated shapes with axial ratios of
about 10:1 for adult, and 5:1 for fetal myocytes. The HEPES-buffered solution was then
exchanged for the bathing solution.
We recorded Single-channel currents in inside-out excised configuration from
membrane patches of VSMCs using an Axopatch 200B amplifier (Axon Instruments,
Foster City, CA). Single channel currents were recorded with Clampex 8 (Axon
Instruments). Patch pipettes were fabricated from Borosilicate with filament (Sutter
Instrument Co., Novato, CA) glass capillary tubing [10 cm length, 1.5 mm o.d., and 0.86
mm i.d. (outside and inside diameters, respectively)] using a programmable FlamingBrown pipette puller and standard fire-polishing procedures. The pipette resistance for
microscopic recording approximated 20 Mf2. Currents were filtered at 5 kHz, using an
Axopatch 200B internal 4-pole low-pass Bessel filter, and digitized at 25 kHz. An agar
salt-bridge was used to minimize the solution junction potential differences.
As we have reported (20), the number of channels present in any given excised
patch (N) was estimated from all-points histograms. Channel activity, NPa, was
calculated by using NPo= 2j

hQAi, where i is the number of open channels (0 for

closed state), and Aj is the area associated with the curve-fit individual peak for each
channel state. The single-channel open probability (P0) was then calculated from NPq/N.
The values for A were obtained by using high depolarization potential (e.g. +100 mV) to
ascertain that less than three coincidental open events occur during long recordings (>20
s) at a P0 higher than 0.8. Preparations with more than three channels present were
discarded.
Data were then expressed as channel activities (P0) relative to maximum channel
activity (P0max)- Voltage-activation curves of PJPomax vs. voltage were fitted to a form of
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the Boltzmann equation: P0IPomax = {1 + exp[(K//2- Vm)IK\y\ where

the

membrane potential (Fm) required for half-maximal activation of the channels, and K is
the logarithmic voltage sensitivity {i.e. A Frequired for e-fold increase in activity).
Macroscopic recording. We recorded macroscopic currents as for single-channel
recording in inside-out configuration, except that the pipette tip opening was larger.
Patch pipettes were fabricated from Borosilicate with filament (Sutter Instrument Co.,
Novato, Ca) glass capillary tubing (10 cm length, 1.5 mm o.d., and 1.17 mm i.d.) using a
programmable Flaming-Brown pipette puller and standard fire-polishing procedures. The
pipette resistance for the macroscopic recording approximated 2-3 MU. Data from
recorded currents were filtered at 1 kHz and acquired at 5 kHz. Conductance (G) values
were calculated as G = I / Vm. Dividing G values by Gmaxi where Gmax is defined as the
largest G value obtained in each experiment, normalized each experiment. BK channel
activity was expressed as relative conductance, G/Gmax- Voltage-conductance curves of
G/Gmax vs. voltage were fitted with a form of the Boltzmann equation: G/Gmax = {1 +
exp[(K,/2- FJ/AT}-'.
The A V//2 values were absolute value of the difference between the V1/2 values at
some time and the Vj/2 value at 0 min. The values of AF//2 were plotted against time of
recording to yield the time course of change in voltage activation. The time course of
AF//2 values was best-fit with a substituted form of the Michaelis-Menten Equation: AF//2
= A V,max x t / {to.5 + t), where A Vmax is the maximum plateau of A V1/2 and to.5 is the time it
takes for the amplitude to rise to half of maximum amplitude, and t is the recording time
in mm.
Chemical Reagents and solutions. Papain was obtained from Worthington
Biochemical Corporation (Lakewood, NJ). Calcium standard kits and Fura-2 were
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obtained from Molecular Probes (Eugene, OR). Purified PKG, KT-5720, KT-5823,
okadaic acid, and cypermethrin were obtained from Calbiochem (EMD Biosciences, San
Diego, CA). Purified catalytic subunit of PKA (PKAc) was a gift from William H.
Fletcher, Ph.D (12, 32). All other chemicals were obtained from Sigma-Aldrich.
Purified PKG was pre-activated in 0.05 mM cGMP containing bathing solution before
using. For cell isolation, the HEPES-buffered solution contained (in mM): 55 NaCl, 80
Na+-glutamate, 5.6 KC1, 10 HEPES, 2 MgCh, and 10 glucose, pH 7.3 with NaOH. Both
the single-channel pipette and bathing solutions contained (in mM): 140 KC1, 10 HEPES
(pH 7.2), 1 Mg2+, and 5 EGTA with free [Ca2+] of 3 x 10'6M, which was estimated with
MaxChelator and confirmed fluorometrically using Fura-2 and calcium standard kits.
Data analysis and statistics. All presented data were calculated as means ± SE.
In all cases, n referred to the number of replicate samples. Statistical comparisons were
performed at the 95% confidence level using two-sample, unpaired Student's t-tests or
ANOVA. Where ANOVA showed significance, the Duncan’s test was also performed to
test for the significance among treatment and age groups. We verified that all sample
populations distributed normally. For comparisons of values that were not significantly
different, power analyses were performed to confirm that statistical power was 0.7 and
the probability of Type II errors was acceptably small. Curve fitting was performed with
GraphPad Prism 3 (GraphPad Software, Inc., San Diego, CA).
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3.4. Results
Voltage-activation curves of adult andfetal myocytes. To determine the activity
of BK channels from adult and fetal VSMCs, we used the inside-out, excised-patch,
voltage-clamp technique. The bath solution, representing cytosolic solution, contained 3
pM free Ca .We expressed BK channel activity as Po/P0max, plotted it against the
membrane potential (Figure 11 A), and fitted the data to the Boltzmann equation as
described in the Methods. Voltage sensitivities do not appear to change with time or
differ between adult and fetal VSMCs. Figure IB shows a representative recording of
BK channel activity from a patch preparation derived from a fetal VSMC. The upper
recording shows the BK channel activity from a patch immediately after being excised,
e.g. 0 min. The lower recording shows the channel activity from the same patch 20 min
later. Table 3 presents the Vj/2 values for the activation curves of BK channels in adult
and fetal VSMCs, from which it can be seen that the channels from the fetal myocytes
shift to the right (toward more positive potentials) about twice those from the adults cells.
Channel-associated protein phosphatase activity. We measured the rate of the
right-shift of the BK channel voltage-activation curves using macroscopic inside-out
excised patches at 3 pM [Ca2+]j, as described in the Methods (Figure 12A). We
determined the V1/2 values at each of the recording times and calculated the absolute
values of AF7/2 as the difference between the V1/2 values at any specified time and the V1/2
value at 0 min. We then plotted the absolute A V1/2 values against the time of recording.
The time course of the shift to more positive potentials (i.e. right-shifting) is a
rectangular hyperbola with the two asymptotes parallel to the x- and y-axes (Figure 12B).
The data were best-fit with a substituted form of the Michaelis-Menten Equation: AF//2 =
AFmax x time / {to. 5 + time), where A Vmnx is the maximum plateau of A V1/2 and t0.5 is the
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time it takes for the amplitude to rise to half of maximum amplitude. The time course
exhibits an initial period of relatively rapid change followed by an asymptotic approach
to a maximum value of A V1/2. If the spontaneous shift in the activation of the channels is
due to endogenous, channel-associated protein phosphatase activity, then the initial rate
(v,) of change of AF7/2 for the BK channels from adult myocytes is the best measure of
such channel-associated activity, since the steady-state assumption for available substrate
is most likely to apply under initial reaction conditions.
To determine if protein phosphatases cause the shifting of the BK channel
voltage-activation curve, we tested the effect of protein phosphatase inhibitors. Both the
rate and the extent of the right shift of the voltage-activation curves were almost
completely inhibited by 2 nM okadaic acid (OA), a relative selective inhibitor of protein
phosphatase 2A (PP2A) at this concentration [Figure 13A and B (43)]. Subtracting the
OA-insensitive curves from the untreated controls, we plotted the OA-sensitive curves,
assumed to be due to PP2A activity (Figure 13C). The OA-sensitive, right-shift of the
adult preparation constituted 64% of the control right-shift activity and 87% of the fetal
control activity. The initial rate for the OA-sensitive right shift in the fetus was 3.8 times
greater than that of the adult (Table 4). Increasing the concentration of OA to 100 nM,
which inhibits both PP2A and PP1 activity, did not affect further these voltage-activation
curves. The kinetic parameters of the residual OA-insensitive right-shift activity of both
the adult and fetus were similar, and were partially decreased to the same extent by 0.5
nM cypermethrin, an inhibitor of PP2B activity.
Channel-associated protein kinase A (PKA) activity. Because the spontaneous
time-dependent right-shift of BK channel activity strongly suggests the presence of
channel-associated protein phosphatase activity, we also considered the possibility that
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channel-associated protein kinases may be present. We explored this possibility with the
microscopic inside-out patch technique. To study possible channel-associated protein
kinase activity, we first dephosphorylated the channels by adding alkaline phosphatase
(350 U/ml). This right-shifted the channel voltage-activation curves of both the adult and
fetal VSMCs (Figure 14A, dashed lines) to a similar extent (Table 3). After exchanging
the bathing medium to remove the alkaline phosphatase, we added ATP (0.5 mM) along
with OA, which then left-shifted the BK channel voltage-activation curve (data not
shown). To identify the basis for this ATP-stimulated left shift, we used both KT-5720
(0.3 pM) and KT-5823 (1 pM), which selectively inhibit PKA and PKG, respectively. In
the presence of these inhibitors, ATP did not significantly affect the voltage activation of
BK channels from either the adult or the fetus (data not shown). This suggests that other
protein kinases are not endogenously activated, or are not directly associated with the
channels. It also suggests that ATP does not left-shift the channel activity by direct
interaction with the channels (11).
To determine if PKA endogenously associates with BK channels, we added ATP
(0.5 mM) into the perfusing solution in the presence of the PKG inhibitor, KT-5823 (1
pM) and OA (0.1 pM) following dephosphorylation with alkaline phosphatase. Figure
14A shows both the dephosphorylated and subsequent left-shifted "KT-5823 plus ATPtreated" voltage-activation curves from both adult and fetal VSMCs. The left-shift of the
"KT-5823 plus ATP-treated" channels was significantly greater for the channels from the
adult than the fetus (Figure 14A and Table 3). Such a left shift suggests phosphorylation
by endogenously activated PKA. We attempted to differentiate between endogenously
activated PKA and total available PKA activities by adding cAMP (0.5 mM) to activate
fully all available PKA activity (Figure 14B). The slightly greater, but not significant,
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left shifting of both the adult and fetus in the presence of added cAMP suggests that
most, but not all, of the available PKA activity was endogenously activated.
To determine whether the channels were maximally phosphorylated by the fully
activated endogenous PKA, we exposed phosphatase-treated patch preparations to
purified catalytic subunit of PKA (PKAc; 30 U/ml) in the presence of OA and KT-5823.
Figure 14C shows that added PKAc left shifted the BK voltage-activation curves from
both the adult and fetal VSMCs to a similar extent (Table 3). This exogenous PKAc left
shift of voltage activation of the adult BK channels to the same extent as that of fully
activated endogenous PKA (Table 3), suggests that the fully activated endogenous PKA
has access of all of the PKA phosphorylation sites. However, since the PKAc left shifts
the fetal channel activation to a greater extent than does the fully activated fetal
endogenous PKA, we suggest that something prevents the fetal BK channels from being
as fully phosphorylated by their associated PKA as the adult channels.
Channel-associated protein kinase G (PKG) activity. In a manner similar to that
for channel-associated PKA activity, we attempted to measure the effects of endogenous
channel-associated PKG activity on BK channels. Following dephosphorylation with
alkaline phosphatase, we recorded the BK voltage-activation curves in the presence of
KT-5720 (0.3 pM), a selective PKA inhibitor, OA (0.1 pM), and ATP (0.5 mM). Figure
15A shows that treatment with KT-5720 plus ATP left-shifted the voltage-activation
curves from the alkaline-phosphatase dephosphorylated state. The almost two-fold
greater left-shifted of the fetal BK channel voltage-activation curves suggests that BK
channels from fetal myocytes have higher channel-associated, endogenously activated
PKG activity than those from the adult.
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To determine if the endogenously activated PKG was fully or partially activated,
we added cGMP (0.05 mM), the native cyclic nucleotide activator of PKG, in addition to
KT-5720, OA, and ATP (Figure 15B). This produced little additional effect on the
voltage-activation curve of the BK channels from the fetus, but resulted in a shift of the
adult preparation to the same extent as that for the fetal membrane patches. This suggests
that cells from the two age groups have similar amounts of PKG associated with the
channels, but that the level of PKG activation in fetal VSMCs was greater than in the
adult. The addition of exogenous PKG (2000 U/ml) plus OA left shifted the voltage
activation of both adult and fetal channels to a similar extent (Figure 15C), and to the
same extent as in the presence of cGMP (Figure 15B; Table 3).
Time courses ofprotein kinases on BK channels. In a manner similar to our study
of endogenous protein phosphatase activity (shown in Figure 13), we used the
macroscopic inside-out patch technique to study the time course of channel-associated
kinase phosphorylation on BK channel activity. Following initial BK channel
dephosphorylation with alkaline phosphatase, we added ATP, in the presence of OA (0.1
pM), and recorded the left shift of the voltage-conductance curves at specified times.
Figure 16A shows the time courses of the change in V1/2 values (AF//2) for channels from
adult and fetal VSMCs. The initial slopes of the rising phase of the time-course reflect
the initial rate (v;) of change of V1/2 values. The initial rate for the BK channels from
adult cells was three-times that of the fetal BK channels (Table 5), although the
maximum extent to which the channels were left shifted were similar. Repeating the
experiment in the presence of KT-5823 and KT-5720 plus ATP blocked all detectable
left-shift activity (not shown). This strongly suggests that the left-shift activity of ATP
was due to the actions of partially activated PKA and/or PKG.
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By performing the same experiment in the presence of ATP, plus KT-5823 to
inhibit any partially activated PKG activity, we attempted to measure the time course of
the effect of partially activated, endogenous PKA on the channel left shift. Likewise, in
the presence of ATP plus KT-5720, we attempted to measure the time course of the effect
of partially activated, endogenous PKG. In the adult preparation, the initial rate in the
presence of KT-5823 was at least equal to that of ATP alone, as was the maximum extent
of left shift (Figure 16B; Table 5), while the initial rate in the presence of KT-5720 was
less than 10% that of ATP alone. The maximum extent of the shift was only 40% that of
ATP alone (Figure 16C). Thus, in the adult there was much greater than partially
activated PKA activity than partially activated PKG.
In the fetus, comparable levels of partially activated PKA and PKG activities
were measured in terms of this effect on the left-shift. In addition, both the partially
activated PKA and PKG left shifted channel activation to the same extent, but only to
about 75% that of ATP alone (Table 5).
By adding both cAMP and cGMP, we measured the time course of the effect of
the fully activated, channel-associated PKA and PKG on BK channel activity (Figure
17A). In both adult and fetal preparations, the initial rates of the fully activated channelassociated PKA and PKG activities were about three times greater than that of the
endogenous activity. Again, in both age groups, the initial rates of the fully activated
PKA and PKG were higher than that of the partially activated PKA or PKG alone.
However, the initial rate of the fully activated PKA and PKG from the adult was 2.5
times greater than that of the fetus.
By repeating the experiment in the presence of KT-5823 plus cAMP, we
measured the time course of the effect of fully activated, endogenous PKA on BK
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channel activity (Figure 17B). The initial rate of the fully activated channel-associated
PKA activity from the adult was 2.5-times that of the partially activated PKA, and about
three-times that of fully-activated PKA in the fetus (Table 5). The extent to which the
fully activated channel-associated PKA in the adult left-shifted the channel voltageactivation was about 20% more than in the ATP control and the partially activated PKA
samples. In the fetus, the initial rate of the fully activated PKA activity was three times
that of partially activated PKA, while the maximum extent of the left shift was similar.
Using KT-5720 plus cGMP, we measured the time course of the effect of the fully
activated, endogenous PKG on BK channel activity (Figure 17C). In the adult, the level
of fully activated PKG activity was almost ten times higher than that of partially activated
PKG activity (Table 5). Although the level of partially activated PKG activity in the
adult was only a third that of the fetus, the levels of the fully activated PKG were
comparable in both age groups, as were the maximum extents to which the fully activated
channel-associated PKG activity left-shifted the channel voltage-conductance curves
(Table 5).
The extents to which the fully activated channel-associated PKA and PKG in both
adult and fetus were similar to that of the fully activated PKA alone, and masked the
effect of activating PKG.
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Figure 11.

Time-dependent changes in BK channel activity. All recordings
were made in symmetrical 140 mM KC1 with the bath containing 3
jaM Ca . A. Voltage-activation curves of inside-out patch
preparations. Indicated are channel activities (P0) recorded at
different membrane potentials and expressed relative to maximum
channel activity (P0max)- Open circles indicate data of BK channels
from adult basilar artery smooth muscle cells, and closed circles
are from fetal myocytes. Lines connecting data points are best-fit
curves to the Boltzmann equation. Solid curves indicate freshly
excised BK channels (0 min controls) and dotted lines indicate 20
min post-excision. Data are mean values (n = 9 adult; n = 15 fetus)
and the vertical bars indicate SEM. B. Representative inside-out
patch clamp current recordings of BK channels from fetal basilar
arterial smooth muscle cells. One BK channel was present in the
patch preparation. The potential was held at +30 mV. Upper
panel shows the activity of the freshly excised BK channel (0 min)
and the lower panel shows the channel activity 20 min later.
Dotted lines indicate the closed (C) and open (O) states of the
channels.
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Figure 12.

BK channel right-shifting in representative patch preparations
from fetal cells. A. Representative BK channel voltageconductance curves at different times. Data were collected at 0, 2,
4, 8, 15, 30 min from macroscopic inside-out patches at different
membrane potentials in symmetrical 140 mM KC1 with the bath
containing 3 pM Ca2+. Conductance (G) values were calculated as
G = I/Vm. Each experiment was normalized by dividing G values
by Gmax and expressing channel activity as relative conductance,
G/Gmax- • Voltage-conductance curves were fitted to the Boltzmann
equation of the form G/Gmax = 1/{1 + exp[(F//2 - Vm)/K]} to
determine Vj/2 values. AVj/2 values were calculated by subtracting
Vj/2 values of the time of recording from the V1/2 values at 0 min
control. B. Time course of AF7/2 values with time. The solid line
is the best-fit curve to a substituted form of the Michaelis-Menten
equation as described in the Methods, in which v* is the initial
slope of the fitted curve, A Vmax is the maximum extent to which the
voltage-conductance shifted, and t0.5 is the time (min) to attain halfAV,max-
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Figure 13.

Time-courses of spontaneous BK channel right-shift from
adult and fetal myocytes. As described for Figure 12, voltageconductance curves were recorded at different times from
macroscopic inside-out patches, and then plotted as time-course
curves. Untreated control traces (circles) are shown for both adult
(A, open symbols; n = 6) and fetus (B, closed symbols; n = 7).
Preparations treated with 2 nM okadaic acid (+OA; squares) were
subtracted from controls to give OA-sensitive curves (C, triangles).
Solid lines were best-fitted to a substituted form of the MichaelisMenten equation, as described in the Methods.
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Figure 14.

Effects of endogenous and exogenous PKA activity on BK
channel activity. Voltage-activation curves of both adult (open
symbol) and fetal (closed symbol) BK channels are compared after
pretreatment with alkaline phosphatase (350 U/ml; dashed lines)
and then after treatment (solid lines) with OA (0.1 pM), KT-5823
(1 pM), and ATP (0.5 mM). A. The magnitude of the
endogenously activated, channel-associated PKA control was
greater in adult than fetal preparations (n = 7 adult; n = 5 fetus). B.
The magnitude of fully activated, channel-associated PKA (with
addition of 0.5 mM cAMP) was greater in adult than fetal
preparations (n = 5 each). C. The magnitude of added exogenous
cPKA (30 U/ml) did not differ significantly (n = 6 adult; n = 10
fetus). Lines indicate best-fit curves to the Boltzmann equation.
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Figure 15.

Effects of endogenous and exogenous PKG activity on BK
channel activity. Voltage-activation curves of both adult (open
symbol) and fetal (closed symbol) BK channels are compared after
pretreatment with alkaline phosphatase (350 U/ml; dotted lines)
and then after treatment (solid lines) with OA (0.1 pM) and KT5720 (0.3 pM) and ATP (0.5 mM). A. The magnitude of the
endogenously activated, channel-associated PKG control was
greater in fetal than adult preparations (n = 4 each). B. The
magnitude of fully activated, channel-associated PKA (with
addition of 0.05 mM cGMP) did not differ between the two age
groups (n = 5 adult, n = 4 fetus); or C. The magnitude of added
exogenous PKG (2000 U/ml) did not differ significantly (n = 8
adult; n = 12 fetus). Lines indicate best-fit curves to Boltzmann
equation.
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Figure 16.

Time courses of endogenous kinase-mediated BK channel leftshifting from adult and fetal myocytes. Voltage-conductance
curves were recorded at different times from macroscopic insideout patches and the AK7/2 values were calculated from the
Boltzmann equation, as described for Figure 12, and then plotted
as time-course curves. Adult (open symbols) and fetal (closed
symbols) BK channel activities are shown with OA (0.1 pM) and
ATP (0.5 mM). A. The rate of endogenously activated kinases
activity was greater in adult than fetal preparations (n = 5 each). B.
The rate of endogenously activated PKA (in the presence of KT5823) was greater in adult than fetal preparations (n = 5 each). C.
The rate of endogenously activated PKG (in the presence of KT5720) was greater in fetal than adult preparations (n = 5 each).
Solid lines were best-fitted to a substituted form of the MichaelisMenten equation as described in the Methods.
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15

Time courses of endogenous kinase-mediated BK channel leftFigure 17.
shifting from adult and fetal myocytes. Voltage-conductance curves were
recorded at different times from macroscopic inside-out patches, and as described
for Figure 12, the AF7/2 values were calculated from the Boltzmann equation, and
then plotted as time-course curves. Adult (open symbols) and fetal (closed
symbols) BK channel activities are shown with OA (0.1 pM) and ATP (0.5 mM).
A. The rate of fully activated kinases activity was greater in adult than fetal
preparations (in the presence of both cAMP and cGMP; n = 5 each). B. The rate
of fully activated PKA activity was greater in adult than fetal preparations (in the
presence of cAMP and KT-5823; n = 4 adult; n = 5 fetus). C. The rate of fully
activated PKG activity was greater in fetal than adult preparations (in the presence
of cGMP and KT-5720; n = 5 each). Solid lines were best-fitted to a substituted
form of the Michaelis-Menten equation as described in the Methods.
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Table 3. Summary of V1/2 values from adult and fetal myocytes
Treatment

Adult (mV)

Fetus (mV)

0 min control

34.0 ±3.6

10.5 ±8.1*

20 min

58.4 ±5.4

51.5 ±3.9

Alkaline phosphatase

64.3 ±3.4

62.8 ±5.2

9.4 ± 5.6

20.6 ± 4.7*

3.9 ±6.9

13.0 ±7.5

3.5 ±3.5

-4.2 ± 6.2

42.6 ±3.4

22.8 ±6.8*

20.9 ± 6.2

15.5 ±3.8

19.3 ±5.3

9.2 ±2.0

1

cAMP

KT-5823 + ATP + OA

PKA

cGMP

KT-5720 + ATP + OA

PKG

Summary of F//2 values from best-fit results. *Value for fetus significantly different
from that of the adult (P < 0.05). Experiments begin by dephosphorylating BK channel
with alkaline phosphatase
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3.5. Discussion
The present study demonstrates, for the first time, that during development BK
channel activity in the ovine basilar arterial smooth muscle is modulated by differential
phosphorylation. Our experimental design enabled us to measure the rate of BK channel
phosphorylation and dephosphorylation and, thereby, compare the relative activities of
specific channel-associated kinases and phosphatases in the fetus and adult. These
findings augment our previous observations that the BK channel calcium set-point differs
significantly in adult and fetal myocytes (Lin et al., 2003). More fundamentally, our
present results offer mechanistic insights into the physiological changes that occur during
development of vascular smooth muscle cells.
Specifically, the present study indicates that: 1) BK channels of ovine basilar
VSMCs are endogenously phosphorylated; 2) channel-associated protein phosphatase 2A
activity is significantly greater in fetal than in adult VSMCs; 3) the activities of BK
channel-associated protein kinase A and G differ significantly during development; 4) the
amount activity of channel-associated protein kinase A in the adult is much greater than
in fetus; 5) fetal and adult BK channels are altered to a similar extent by purified,
exogenous protein kinases A and G and alkaline phosphatase; and 6) in the VSMCs, BK
channel activity is altered by phosphorylation and dephosphorylation change alone—not
the voltage or Ca

sensitivity. These findings suggest strongly that during development

BK channel activity is modulated by channel-associated protein kinases and phosphatases
(CAKAPs). The greater BK channel activity in fetal as compared to adult VSMCs
appears to be due to the greater extent of channel phosphorylation.
At the time of patch excision, BK channel open probability is significantly higher
in VSMCs from the fetus than those from the adult. This is consistent with our whole
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cell measurements of BK channel activity from fetal and adult basilar myocytes (20).
Following patch excision, BK channel activity decreased spontaneously due to a
progressive right-shift of the channel voltage-activation curve (Fig. 1 A). Thus, with this
right-shift, by 20 min after patch excision (Fig. 1) the channel activities from adult and
fetal VSMCs become similar. The BK channel unitary conductance, g, of the two age
groups did not differ significantly, and did not change following of patch excision.
Furthermore, BK channel kinase phosphorylation did not alter g or the slopes of the
voltage activation curves. These findings suggest that phosphorylation and
dephosphorylation only modulate BK channel activity (open probability), but not the
channel voltage sensitivity.
All of the experiments were carried out in inside-out configuration, as this
membrane patch was removed from the cell. Thus, the effect of endogenous protein
kinases and phosphatases must have originated from these enzymes associated with the
patch. Kinases and phosphatases have been shown to be anchored in the membrane (41),
on the C-terminus of BK a subunit by an A kinase anchoring protein (AKAP) (36), or
bound directly to the a subunit (40, 46). Moreover, subsequent experiments have
demonstrated the direct binding of several different protein kinases to BK channels (40).
Because it is not known where these protein kinases and phosphatases are bound in the
basilar artery VSMCs, we refer to them as channel-associated (CAKAPs).
To facilitate our study of CAKAP activities during development, we employed
macroscopic patch preparations containing from 30 to 50 BK channels. Because many
channels were included in the patch, we could record aggregate changes in channel
activity within short time periods and at closely timed intervals (acquired 500 ms at 5 s
intervals, Figure 12A). We then plotted the time-course of changes in F//2 values (AFy/2),
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as shown in Figure 12B. A substituted form of the Michaelis-Menten equation provided
the best fit of the time-course data. This method of studying the time-course of change in
channel activation allowed us to measure three parameters: 1) the initial rate (v,) of the
forward reaction; 2) the maximum extent of change in voltage (AFWflX); and 3) the time
taken to reach half of the maximum change

The initial rate of the forward reaction,

Vi, is a measure of the rate of enzyme reaction in one direction, not taking into account the
backward reaction. However, to.s is the measurement of the time to reach equilibrium.
Both Vi and to.s measurements are the mean value to study protein phosphatase and kinase
activity. As we deliberately inhibited the back reactions, v,- values probably give the best
indication of the overall kinase and phosphatase activities without the inhibition of the
backward reactions. A Vmax values may also represent left- and right-shift of the voltageactivation curve, and indicate the capability the CAKAPs to modulate BK channel
activity. The hyperbolic shape of these time-course curves suggests depletion of substrate,
possibly due to channel dephosphorylation.
To determine the extent to which protein phosphatase (PP) activity was
responsible for the right-shift of the channel voltage-activation curves, we used the PP
inhibitors, oakadaic acid and cypermethrin. At 2 nM, okadaic acid (OA) selectively
blocks PP2A and, at 100 nM, it inhibits both PP1 and PP2A (30, 43). The addition of 2
nM OA inhibited the initial rate (v,) of right-shift of channels from adult by 64%, and
from fetal myocytes by 87%, while lowering the maximum extent (AVmax) of right shift in
the adult by 78% and in the fetus by 89% (Table 4). Presumably the OA-sensitive right
shift was mediated by channel-associated PP2A activity. This initial rate of the OAsensitive right-shift activity was 3.8 times greater in the channel preparations from the
fetal VSMCs as compared with those from the adult.
131

Increasing the concentration of OA to 100 nM, did not inhibit further the decrease
of BK activity. Cypermethrin (0.5 nM), a selective PP2B inhibitor, decreased the rate of
right shift of the voltage-activation curve slightly and to the same extent in both adult and
fetal VSMCs. Nonetheless, combined addition of PP inhibitors failed to inhibit
completely the right-shift of the channel voltage-activation curves. This suggests the
existence of phosphorylation independent run-down of the channel activity.
To study protein kinase activity, we first dephosphorylated the BK channels with
alkaline phosphatase (Figure 14A). Addition of alkaline phosphatase right-shifted the
BK channel activation curves a little further to the right from that of spontaneous
dephosphorylation. Dephosphorylated BK channel voltage-activation curves of the two
age groups did not differ significantly. This suggests that when dephosphorylated, the
BK channels from both age groups probably are not modulated differently by other
factors.
From the dephosphorylated state, addition of ATP alone caused a left-shift of the
BK channel activation curves. This suggests the existence of endogenously activated,
channel associated protein kinase activity. In the presence of both KT-5720 and KT5823 (selective PKA and PKG inhibitors, respectively), the addition of ATP did not
cause a significant shift in the channel activation curve. Nonetheless, neither of these
inhibitors alone could block the left-shift. This suggests that PKA and PKG are channelassociated and endogenously activated (2, 3). Also, that the ATP effect could be blocked
by inhibitions of PKA plus PKG further suggests that ATP modulates BK channel
activity via channel phosphorylation.
Clark and colleagues have suggested that ATP alone binds directly to a variant of
the a-subunit of the BK channel to inhibit channel activity. The effect was not caused by
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BK channel phosphorylation, as the effect was mimicked by the non-hydrolysable
analogue S’-adenylylimidodiphosphate (AMP-PNP), and hydrolysable analogue ATP-yS,
and the effect was reversible (11). To verify whether ATP directly affects the BK
channel of basilar artery VSMCs, we added AMP-PNP and ATP-yS to the cytoplasmic
side of the patch and monitored channel activity. Neither of these compounds
significantly altered BK channel activity, suggesting that the modulation of BK channel
activity by ATP is via channel phosphorylation.
We used two approaches to examine protein kinase activity. To study the
endogenously activated kinases, we used ATP without a protein kinase activator. To
study the amount of channel-associated kinase, we fully activated the kinase by using the
corresponding cyclic nucleotide. Together, these two approaches are a powerful tool to
help understand not only how much protein kinase is associated with the channel, but
also the degree to which they are activated endogenously.
It has been suggested that cAMP and cGMP may cross-activate protein kinases A
and G (42). Thus, to diminish possible cyclic nucleotide cross-activation, we inhibited
PKG when PKA was studied, or vise versa. Therefore, we studied endogenously
activated PKA activity by adding ATP, KT-5823 (to inhibit PKG), and OA (to inhibit
protein phosphatase) (Figure 14A). For the adult BK channel this resulted in the leftshift being significantly greater than that for the fetus (Table 3). This suggests higher
endogenously activated PKA activity associated with the adult BK channels. When
cAMP was present to activate all channel-associated PKA, the activation curves of adult
and fetal BK channels did not differ significantly. Furthermore, purified PKAc activated
BK channels of both age groups to a similar extent (Figure 14C). This suggests that
these BK channels can be phosphorylated equally by exogenous PKAc to left-shift the
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activation curves to the same extent. Nonetheless, more of the channel-associated PKA
was activated endogenously in adult than in fetal myocytes.
As would be anticipated, the maximum extent of change in voltage (A Fmax)
measured in macropatch configuration (Table 5), and the extent of shift in voltage
activation curves measured in micropatch configuration (Figure 14 and 15), showed
closed correspondence. These mean values measured the degree to which a BK channel
can be phosphorylated. Channels from fetal VSMCs were capable of being left-shifting
as much the adult via PKAc, because for this enzyme fetal channels share equal
sensitivity with the adult. However as shown in Figure 14B, AVmax measurement
showed that fully activated PKA was not able to left-shift the fetal BK channel activation
curve to the same extent as that of the adult. This suggests that the channel-associated
PKA is somehow prevented from fully phosphorylating the fetal BK channels. A
possible explanation is that endogenous PKA activity differs in the two age groups. This
may be a result of different PKA isoforms. Although PKA catalytic subunits have been
shown to have similar activity, the regulatory subunit modulation also may differ as a
function of age (10).
Another possibility is that in fetal BK channels the phosphorylation sites, as a
substrate, may not be available to PKA. PKA has been shown to be anchored (36), or
bound to the C-terminus of the BK channel a subunits (46), and more than one kinases
have been found to be bound to BK channels simultaneously (40). In airway smooth
muscle cells, the BK channels are phosphorylated by PKA anchored to the membrane
(41). In addition, BK channels may be localized in lipid-rafts, sites of signaling and
micro-regulation (6). Should PKA be so localized, this may cause some BK channel
phosphorylation sites to be unavailable to PKA, thus preventing the fetal BK channels
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activation curve to left-shift as much as that of the adult. Exogenous PKAc, however, is
not restricted by localization, and is able to phosphorylate the channels and left-shift the
activation curve to a similar extent as that of the adult.
A similar strategy was employed to study the channel-associated PKG activity,
and its degree of association. In patches from fetal VSMCs, in the presence of the PKA
inhibitor KT-5720 and OA, ATP caused a significantly greater left-shift of the BK
channel activation curve than that of the adult (Figure 15 A). Nonetheless, the amounts
of channel-associated PKG did not differ significantly, nor did the left-shift effects of the
exogenously added PKG (Figure 15B and C). Again, these results suggest that PKG
modulation of BK channels were similar in the two age groups. The amount of channelassociated PKG was also similar. Nonetheless, more channel-associated PKG was
endogenously activated in the fetal myocytes, as compared to the adult.
Of interest, the time-courses of endogenously activated protein kinases (bath
solution containing ATP and OA only) showed significant differences between adult and
fetal BK channels. In the adult myocytes the initial rate was approximately three times
that in the fetal patches (Table 5).

In addition, the initial rate of endogenously activated

PKA was four times greater in the adult. However, the initial rate of endogenously
activated PKG in fetal myocytes was twice that of the adult. These studies confirm the
voltage activation studies, that the endogenously activated PKA activity was greater in
the adult, while the endogenously activated PKG activity was higher in the fetus.
With cyclic nucleotides activating their corresponding protein kinases, we
determined the time courses of the channel-associated protein kinases A and G. In the
presence of both cAMP and cGMP, channel-associated protein kinases A and G should
be fully activated. In this condition, the initial rate for adult myocytes was 2.5 times
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higher than that of the fetus. Similar to the endogenously activated PKA, the initial rate
of fully activated channel-associated PKA in the adult was about three times that of the
fetus. In contrast, the initial rate of fully activated channel-associated PKG for the fetus
was about three times greater than that of the adult.
Thus, the initial rates listed on Table 5 demonstrate a clear pattern that in both
adult and fetal myocytes one-third of the channel-associated kinases are endogenously
activated. Upon addition of exogenous cAMP or cGMP, the initial rates of the fully
activated PKA or PKG increased three-fold. Furthermore, as the initial rates of both
endogenously activated and fully activated PKA are roughly three times higher in the
adult, these BK channels appear to have roughly three times more associated PKA. In
contrast, the fetal BK channel associated PKG appears to be about three times greater
than that of the adult, as its initial rate of the PKG is about three times as great. Again,
these results suggest that in adult VSMCs BK channels depend more on PKA activation,
while fetal myocytes depend more upon PKG.
In the absence of protein kinase inhibitors, ATP could be utilized by
endogenously activated protein kinases to phosphorylate the BK channel (5, 21, 34). In
theory, if PKA and PKG were able to phosphorylate the channels at different and
unrelated sites, the initial rate for activating both PKA and PKG should equal the sum of
initial rates of PKA alone and PKG alone. However, as indicated in Table 5, in both
adult and fetal myocytes the initial rates of endogenously activated kinases (control) did
not equal the sum of the initial rates of PKA and PKG. Similarly, adding the initial rates
of fully activated channel-associated PKA and PKG did not equal the sum of rates of
fully activated kinases (cAMP + cGMP). These results clearly demonstrate that initial
rates of PKA and PKG are not additive, and suggests that channel modulation by PKA
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and PKG phosphorylation are not independent. Their phosphorylation sites may overlap,
or the phosphorylation by one of these kinases may hinder that of the other.
It is also possible that PKA and PKG may have specific phosphorylation sites.
Phosphorylating one site may mask the effect of phosphorylating other sites (36). The
BK channel phosphorylation sites have not been determined fully, perhaps because of
differing splice variants of the a subunit. Also in VSMCs, the a subunit is likely to be
associated with the pi subunits (7, 8, 15, 19, 35).
Phosphorylation sites are present on both a and p subunits of the channels (31,
39). The a subunit is expressed from one gene, which includes at least 5 splice sites (9,
24, 29). The splice variants respond differently to PKA phosphorylation, suggesting that
certain splice variants either lack PKA phosphorylation sites or that certain splice variant
conformations allow only certain sites to be phosphorylated (37). In addition in
mammalian cells, PKA has two distinct isoforms, defined as PKAI and PKAII, which
differ in their regulatory subunits (10). In fact, preferential expression of PKAII occurs
in normal nonproliferating tissues and in growth-arrested cells, while PKAI is expressed
in proliferating cells. Moreover, as sensitivity to cGMP-induced relaxation in ovine
basilar artery is developmentally regulated (23), the protein kinase A and/or G isoforms
expressed in synthetic fetal myocytes may differ from that of the contractile mature
myocytes (17). Should that be the case, it would not be surprising that BK channel
modulation of by protein kinases differs in the two age groups.
In mouse anterior pituitary corticotrope (AtT20) cells, BK channels are inhibited,
rather than being activated, by PKA (13, 33). Glucocorticoid-induced proteins expressed
in AtT20 cells render BK channels insensitive to inhibition by PKA. This protection
against PKA inhibition is mimicked by protein phosphatase 2A (PP2A) and blocked by
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the phosphatase inhibitors okadaic acid and calyculin (38). Of interest, a hierarchy of BK
channel phosphorylation has been reported. For instance, phosphorylation of BK
channels from bovine tracheal smooth muscle by PKG-induced requires prior
phosphorylation by PKC (44). Moreover, neither PKG nor PKA affect the activity of
cloned human myometrial BK channel a or p subunits co-expressed in Chinese hamster
ovary cells (45). However, in 72% of freshly isolated myometrial cells from
postmenopausal women, PKA and PKG decreased the endogenous BK channel activity
by 4- and 2-fold, respectively, and alkaline phosphatase reversed these effects. In
contrast, in 28% of the cells, PKA and PKG increased channel activity 2- and 3.5-fold,
respectively, and alkaline phosphatase enhanced these effects (45). These results suggest
that host smooth muscle cells provide additional necessary factors for BK channel
regulation.
As noted above in the present study, the endogenously activated protein kinase
activity in VSMCs include PKA and PKG. At the moment the excised patch is pulled,
the channel phosphorylation state is likely to resemble that channel physiological state in
intact cells. In other words, the channel activation curves at the time the patch is pulled
may best indicate the activity of the BK channels in an intact cell. As we have shown,
these activation curves at the time of excision (0 min control) differ significantly between
adult and fetal BK channels (Figure 11). This suggests that in intact cells BK channel
modulation probably differs significantly during the course of development.
The present studies suggest strongly that not only is differential modulation by
phosphorylation an important underlying mechanism of BK channel activation, but that
this accounts for the calcium set-point of fetal VSMCs to be lower than that of the adult
(20). This relatively lower calcium set-point implies that at a given [Ca2+]j and voltage,
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the BK channel activity in fetal myocytes will be higher than that of the adult.
Additionally, the lower calcium set-point of these fetal cells may be either an adaptation
to a lower resting [Ca ], or to a more depolarized resting membrane potential. We
speculate that with a very low calcium spark activity of newborn rat pup myocytes in
contrast to the high activity in those from the adult (18, 27), differential phosphorylation
may allow the fetal BK channels, as a Ca2+ sensor, to sense unsynchronized Ca2+ release
from ryanodine receptors to modulate L-type Ca2+ channel activity are thus vascular tone.
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4.1. Abstract
Native large conductance, voltage-dependent and Ca2+-sensitive K+ (BK) channel
activity is significantly greater in basilar artery vascular smooth muscle cells (VSMCs) of
the fetus, as compared to the adult. This increased BK channel activity in fetal myocytes
results from a lower channel of Ca2+ set-point. We tested the hypothesis whether BK
channel phosphorylation and dephosphorylation results this in age-related difference in
•
Ca2"h set-point.
Macroscopic measurements of BK channel activity in inside-out, excised

patch preparations were used on ovine basilar arterial VSMCs from the adult and fetus.
We defined four BK channels phosphorylation states in this study: 1) native state
(phosphorylation state in physiological conditions); 2) dephosphorylation state (channels
dephosphorylated by alkaline phosphatase, 350 U/ml); 3) PKA phosphorylation state
(channels phosphorylated by PKA); and 4) PKG phosphorylation state (channels
phosphorylated by PKG). Voltage-activation curves demonstrated that fetal BK channels
in native states lay to the left of those of the adult by 19.3 ± 3.1 mV (P < 0.05). The Ca2+
set-points of these BK channels in native states were -10.9 pM and 5.7 pM for adult and
fetal patches, respectively. Of importance, the dephosphorylation, PKA phosphorylation,
and PKG phosphorylation states for both age groups showed similar voltage activation
curves and Ca2+ set-points. Vj/2 values (voltage of half-maximal BK channel activation)
plotted as a function of [Ca2+] of these phosphorylation states, showed a linear
relationship. For both adult and fetal BK channels in their native phosphorylation states,
the data points reside within the best-fit linear regression. We conclude that the BK
channel calcium set-point can be modulated by phosphorylation and dephosphorylation.
The decreased calcium set-point in fetal myocytes appears to result from differential
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modulation by phosphorylation of the BK channels during development, rather than from
differences in a- or f3- subunit isoforms or that factors.

147
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4.2. Introduction
Large conductance, voltage-dependent, and Ca2+-sensitive K+ (BK) channels can
be found in many cell types, and play a key role in the control of neuronal firing (16, 46),
cell secretion (28), and smooth muscle tone (36). BK channel activity is modulated by a
complex metabolic control that may involve G-proteins (23), intracellular Ca2+
concentration (36), oxygen content (51, 52), lipid polar head groups (38), a balance
between phosphorylation and dephosphorylation mechanisms (4, 24), and many others (6,
27, 29,61).
In vascular smooth muscle cells (VSMCs), it is generally accepted that membrane
potential and [Ca ]i are closely related, such that depolarization is associated with
increased [Ca2+]j.
Recently, we have showed that the BK channels in immature myocytes are
significantly more ‘sensitive’ to fme-tuned Ca2+ than those of the adult (26). This
increased activity of BK channels in developing VSMCs is a consequence of more fetal
BK channels being activated with the same amount of Ca2+, i.e., the BK channel calcium
set-point is lower in the fetal myocytes than that in the adult (25). Furthermore, the BK
channel activity of both maturational age groups can be modulated by phosphorylation
and dephosphorylation (17).
We and others have reported on important developmental differences in the
regulation of vascular smooth muscle tone. These include K+ channel expression (44),
K+ channel activity (25), resting membrane potential (15), intracellular Ca2+ ([Ca2+]j)
regulation (5, 31), the sensitivity of contraction to Ca2+ (1, 17), and others (39). Among
the functional coupling of BK channels, Ca2+channels, and intracellular Ca2+release
pathways, we have previously reported that in ovine middle cerebral artery (MCA), for
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contraction the fetal VSMCs depend almost completely on the influx of extracellular Ca2+,
whereas adult myocytes rely more on intracellular Ca2+ release from the intracellular
sarcoplasmic reticulum stores (1, 31). The intracellular Ca2+ stores, including that which
is inositol 1,4,5-trisphosphate [Ins(l,4,5)P3]-releasable (31), and ryanodine-sensitive (31,
34), also have been suggested to be developmentally modulated.
Based on the findings above the developmental differences in VSMC activity may
be caused by differential regulation of plasma membrane potential. Opening of BK
channels hyperpolarizes cell membrane and, in turn, inactivates voltage-dependent L-type
Ca2+ channels. This leads to a decrease in [Ca2+]j, cell relaxation, and vessel relaxation.
Due to high membrane resistance of VSMCs, minute changes in K+ channel activity can
affect dramatically membrane potential (37). This is especially true in the case of VSMC
BK channels because of the high expression levels and their high current conductance in
VSMCs. With their sensitivity to [Ca2+]j change, BK channels can tightly monitor [Ca2+]j.
Several studies, including ours, have reported that the Ca2+ sensitivity of VSMC
BK channels is in the micromolar range (20, 25, 41). However, the global [Ca2+]j in these
cells is normally in sub-micromolar range, and resist being increased to micromolar
concentrations, perhaps due to Ca2+ sequestration and buffering (49). Thus, BK channels
normally are insensitive to global [Ca2+] change. Instead, their activity is modulated by
localized calcium release (Ca2+ sparks) from intracellular stores via ryanodine receptor
channels. The basilar arterial VSMCs from neonatal rats have been shown to exhibit
much lower Ca2+ spark activity, compared to that of the adult (18). Apparently this
lowered spark activity in the neonate is a consequence of uncoupling and unsynchronized
Ca release from the ryanodine receptors. In fact, mature and immature VSMCs may
possess differing releasable intracellular Ca2+pools (34).
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In view of these findings, we performed the present studies to test the hypothesis
that the age-related increase in calcium set-point, e.g., becoming less sensitive with age,
result from differential phosphorylation of the BK channels during development.
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4.3. Methods
Experimental animals. For these studies, we used basilar arteries from near-term
fetal (~140 days), and nonpregnant adult, female sheep (2 yrs) obtained from Nebeker
Ranch (Lancaster, CA). All surgical and experimental procedures were performed within
the regulations of the Animal Welfare Act, the National Institutes of Health’s Guide for
the Care and Use of Laboratory Animals, “The Guiding Principles in the Care and use of
Animals” approved by the Council of the American Physiological Society, and the
Animal Care and Use Committee of Loma Linda University.
Vascular smooth muscle cell isolation. We enzymatically dissociated vascular
smooth muscle cells (VSMCs) from dissected basilar arteries. We have described
previously this cell isolation procedure (Lin et al., 2003). Briefly, basilar arteries from
adult (200-400 pm diameter) and fetus (150-200 pm diameter) were cut into 1-mm2
pieces and placed in HEPES buffered solution containing 0.3 mg/ml papain (Worthington
Biochemical Corp., Lakewood, NJ) and 1 mg/ml dithioerythritol for 20 min at 37°C. The
tissues were then transferred to a second incubation in HEPES buffered solution
containing 100 pM CaCL, 0.6 mg/ml collagenase type F, and 0.3 mg/ml collagenase type
H (Sigma Blend Collagenase, Sigma, St. Louis, MO), and incubated for 15 min at 37°C.
All of the enzymatic solutions also contained 1 mg/ml bovine serum albumin to minimize
proteolytic effects on the cells. The digested tissues were triturated with a fire-polished,
siliconized (Sigmacote, Sigma) glass Pasteur pipette to yield intact, separated VSMCs.
The cells were kept on ice, and used within 6 h.
We mounted coverslips containing adherent vascular SMCs in a perfusion
chamber for 15 min containing HEPES-buffered solution on the stage of an inverted
microscope (Axiovert 35M, Carl Zeiss Instruments, VA) where they were viewed and
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verified to have characteristic elongated shapes with axial ratios of about 10:1 for adult,
and 5:1 for fetal myocytes. The HEPES-buffered solution was then exchanged for the
bathing solution.
Macroscopic recording. We recorded macroscopic currents in inside-out excised
configuration from membrane patches of vascular SMCs using an Axopatch 200B
amplifier (Axon Instruments, Foster City, CA). Single channel currents were recorded
with Clampex 8 (Axon Instruments). Patch pipettes were fabricated from Borosilicate
with filament (Sutter Instrument Co., Novato, CA) glass capillary tubing [10 cm length,
1.5 mm o.d., and 1.17 mm i.d. (outside and inside diameters, respectively)] using a
programmable Flaming-Brown pipette puller and standard fire-polishing procedures. The
pipette resistance for the macroscopic recording approximated 2-3 MCI. Data from
recorded currents were filtered at 1 kHz, using an Axopatch 200B internal 4-pole lowpass Bessel filter, and digitized at 5 kHz. An agar salt-bridge was used to minimize the
solution junction potential differences.
Recording protocols for different bath [Ca2+] were different. For [Ca2+] of 0.3 and
1.0 pM, we held the patch at 0 mV and applied a series of+10 mV depolarization steps
from -50 to +150 mV. For [Ca2+] of 3.0 pM, we held the patch at 0 mV and applied a
series of+10 mV depolarization steps from -100 to +100 mV. And for [Ca2+] of 10 and
30 pM, we held the patch at 50 mV and applied a series of+10 mV depolarization steps
from -150 to +50 mV. All voltage pulses given to the patch were 500 ms in duration in 5
s intervals.
Conductance (G) values were calculated as G = / /

Dividing G values by

Gm(lx, where Gmax is defined as the largest G value obtained in each experiment,
normalized each experiment. BK channel activity was expressed as relative conductance,
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G/Gmax- Voltage-conductance curves of G/Gma\ vs. voltage were fitted with a form of the
Boltzmann equation: G/Gmax = {1 + exp[(F//2 - Vm)IK]yx, where V1/2 is the membrane
potential (Vm) required for half-maximal activation of the channels, and K is the
logarithmic voltage sensitivity (i.e. A Frequired for e-fold increase in activity).
Chemical Reagents and solutions. We obtained papain from Worthington
Biochemical Corporation (Lakewood, NJ). Calcium standard kits #2, #3, Fura-2, and
Fura-6 were obtained from Molecular Probes (Eugene, OR). Purified PKG, KT-5720,
KT-5823, and okadaic acid were obtained from Calbiochem (EMD Biosciences, San
Diego, CA). All other chemicals were obtained from Sigma-Aldrich (St. Louis, MO).
Purified PKG was pre-activated in 0.05 mM cGMP containing bathing solutions before
using. For cell isolation, the HEPES-buffered solution contained (in mM): 55 NaCl, 80
Na+-glutamate, 5.6 KC1, 10 HEPES, 2 MgCh, and 10 glucose, pH 7.3 with NaOH. The
bathing solutions contained (in mM): 140 KC1, 10 HEPES, 1 Mg2+, and 5 EGTA (pH 7.2
with KOH), with several different free Ca2+ concentrations (0.3 pM, 1.0 pM, 3.0 pM, 10
pM, and 30 pM), which were estimated with MaxChelator and confirmed
fluorometrically using Fura calcium indicators, and calcium standard kits. The pipette
solution had the same composition as the bathing solutions with 3.0 pM free Ca2+.
Data analysis and statistics. All presented data were calculated as means ± SE.
In all cases, n referred to the number of replicate samples. Statistical comparisons were
performed at the 95% confidence level using two-sample, unpaired Student's t-tests or
ANOVA. We verified that all sample populations distributed normally. Curve fitting
was performed with GraphPad Prism 4 (GraphPad Software, Inc., San Diego, CA).
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4.4. Results
Calcium and voltage sensitivity of adult and fetal myocytes. To determine the
activity of BK channels from adult and fetal vascular smooth muscle cells, we used the
macroscopic, inside-out excised-patch, voltage-clamp technique. The bath solutions,
representing cytosolic solution, contained 0.3, 1.0, 3.0, 10, and 30 pM free Ca2+. We
expressed BK channel activity as G/Grnax, plotted it against the membrane potential, and
fitted the data to the Boltzmann equation, G/Gmax = {1 + exp[(F//2 - Vm)IK\}A, as
described in the Methods. To study the modulation of phosphorylation on BK channel
activity, we define four phosphorylation states of the BK channels as the following: 1)
native state—the phosphorylation state of the channel best representing physiological
phosphorylation state; 2) dephosphorylation state—the channel dephosphorylated by
alkaline phosphatase; 3) PKA phosphorylation state—the channel phosphorylated by
PKA; and 4) PKG phosphorylation state—the channel phosphorylated by PKG.
Figure 18 shows the voltage-activation curves on channel activity at different
[Ca2+] of adult (Figure 18A) and fetal (Figure 18B) myocyte BK channels. Voltage
sensitivities do not appear to differ significantly between adult and fetal VSMCs. The
voltage sensitivities estimated from the curve fits were similar for all concentrations of
Ca2+ tested, and indicated that channel activity increased e-fold for a 24.8 ±1.4 mV
depolarization for adult {n = 5), and for a 25.4 ± 1.0 mV depolarization for fetus {n = 5).
The slopes of the curve fits were 13.7 ± 0.8 for the adult (n = 5) and 14.4 ± 0.5 for the
fetus {n = 5). Table 6 gives the V1/2 values for the different free Ca2+ concentrations for
adult and fetal myocytes. In general, the V1/2 values of the adult BKca channel at
different free [Ca2+] is right shifted 19.3 ± 3.1 mV relative to that of the fetus.
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Figure 18C shows a representative recording of BK channels from an adult
myocyte at 3.0 pM free Ca2+. The inset shows the recording protocol. We plotted the
V1/2 values against log[Ca2+] for both adult and fetal myocytes (Figure 18D). This plot
for both adult and fetal values yielded a linear relationship. Table 7 lists the data on the
linear fits for both adult and fetal preparations. From the equation for the line fit through
these data, we estimated that AF%0, the change in V1/2 for a 10-fold change in Ca2+
concentration, equaled 63.3 ± 2.3 mV and 60.1 ±1.6 mV for adult and fetal myocytes,
respectively (Table 7). The calcium set-points, Cao, defined as the Ca2+ concentration
required for half-maximal activation at 0 mV, were -10.9 pM and 5.7 pM for adult and
fetus, respectively.
Calcium set-point and protein phosphatase. To study the effect of
dephosphorylation on BK channel Cao, we added alkaline phosphatase (350 U/ml) to the
bath (cytosolic). Dephosphorylation right-shifted the voltage-activation curve of adult
and fetal myocytes by 21.0 ± 5.4 mV and 36.5 ± 3.9 mV, respectively (P < 0.05).
Although the extent of right-shift was significantly greater in fetus, the final V1/2 values
did not differ significantly between the two age groups (Figure 19A and B; Table 6).
The A V%0 values also did not differ significantly between the two age groups. When fully
dephosphorylated, the Cao values for adult and fetal BK channels were 20.7 and 20.0 pM,
respectively (Figure 19C; Table 7).
Calcium set-point and protein kinase A. To determine how PKA phosphorylation
might change BK channel Cao, we used the catalytic subunit of PKA (PKAc). We first
dephosphorylated the channels using alkaline phosphatase (350 U/ml). After removal of
alkaline phosphatase by solution exchange, we added a selective PKG inhibitor, KT5823
(1 pM), okadaic acid (100 nM), ATP (0.5 mM), and PKAc (30 U/ml) into bath by
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gravitational solution exchange. Added PKAc shifted the voltage-activation curves to the
left by 63.7 ± 3.3 mV and 54.5 ± 2.8 mV in adult and fetal myocytes, respectively
(Figure 20 A and B). Both the extent of left-shift and final Vj/2 values were not
significantly different between the two age groups (Table 6). The AF%0 values also did
not differ significantly between the two age groups. Furthermore, as chown in Figure
20C, the Cao values of 2.3 and 2.9 pM for adult and fetal myocytes, did not differ
significantly (Table 7).
Calcium set-point and protein kinase G. Previously, we have shown that PKG
can also modulate BK channel activity by phosphorylation. Thus, to study how PKG
phosphorylation influences BK channel Cao, we also used purified PKG. In a manner,
similar to the PKAc study, we added PKG following BK channel dephosphorylation and
removal of alkaline phosphatase. PKG was added into bath solution in the presence of a
selective PKA inhibitor, KT5720 (0.3 pM), ATP (0.5 mM), cGMP (0.05 mM), and PKG
(2000 U/ml). As seen in Figure 21A and 21B, PKG also left shifted the voltage
activation curves of both adult and fetal BK channels by 51.8 ± 5.6 and 48.2 ±1.4 mV,
respectively. The final K//2 values for different [Ca2+], after PKG phosphorylation, did
not differ significantly between the two age groups. Neither did the A V%0 values differ
significantly. Figure 21C shows that the Cao values for both adult and fetal BK channel
were 3.6 pM (Table 7).
Channel phosphorylation and calcium set-point. To examine the extent to which
the calcium set-point is modulated by phosphorylation, we plotted the Cao values against
Vj/2 values (Table 6 and 7). As seen in Figure 22, the lines show best-fitted linear
regression of the three “manipulated” BK channel phosphorylation states e.g.,
dephosphorylation, PKA, and PKG phosphorylation. The r2 of the best-fitted line were
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0.985 and 0.998 for adult and fetal myocytes, respectively. The slopes of the fit were 1.39
±0.17 and 1.49 ± 0.05 log(M)/102 mV for adult and fetus, respectively. The two native
states of the BK channels from adult and fetal myocytes reside within the same linear
fitted line. This strongly suggests that the differing calcium set-points of the BK
channels between adult and fetal myocytes is a consequence of different phosphorylation
states of these channels, rather than as a result of differing splice variants of the channel
a- or p-subunits, or other factors.
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Figure 18.

Basilar arterial BK channels in myocytes from fetal myocytes
are more sensitive to intracellular calcium than myocytes from
adult. Open symbols are used for the adult and closed symbols are
for the fetal myocytes. Both figures A and B indicate voltage
activation curves in varying membrane potentials in symmetrical
140 mM KC1 for various intracellular calcium concentrations
([Ca2+]j). Data are channel conductance (G) expressed relative to
maximum channel conductance (Gw^). Channel activities are
expressed in conductance-voltage (G-V) relationship. Solid lines
indicate best fit curves to Boltzmann equation, G/Gmax = 1/{1 +
exp[(F//2 - Vm)IK\}, where V1/2 is the membrane potential {Vm)
required for half-maximal activation of the channels, and K is the
logarithmic voltage sensitivity (A V required for e-fold increase in
activity). The voltage sensitivities estimated from the fitted curves
were similar for all concentrations of Ca2+ tested and indicated that
channel activity increased e-fold {-2.12 times) for a 24.8 ±1.4 mV
depolarization for adult {n = 5), and for a 25.4 ± 0.9 mV
depolarization for fetus {n = 5). The vertical error bars indicate SE
for 5-10 adults and 5-9 fetuses. C. A representative recording of
macroscopic inside-out patch of adult myocyte at 3.0 pM free Ca2+.
Macroscopic current elicited by a series of 10 mV depolarization
steps (-100 to ±100 mV) from a holding potential of 0 mV. Inset
shows the recording protocol of -100 to ±100 mV, 500 ms pulses
every 5 s. D. Estimation of changes in V1/2 for a 10-fold change in
[Ca2+]j and estimation of Ca2+ axis-intercept (Cao; Ca2+ set-point)
for both adult and fetal myocyte BK channels. Fy/? values were
estimated from data in A and B. The lines represent the best linear
regression fits to the data (see Table 6 for the detailed values of the
fits).
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Figure 19.

Dephosphorylated BK channels from fetal and adult myocytes
have similar calcium sensitivity and set-pint. Open symbols are
used for the adult and closed symbols are for the fetal myocytes.
Both figures A and B indicate voltage activation curves in varying
membrane potentials in symmetrical 140 mM KC1 for various
intracellular calcium concentrations ([Ca2+]j). Data are channel
activity expressed in G-V relationship. Solid lines indicate best fit
curves to Boltzmann equation. The voltage sensitivities estimated
from the fitted curves were similar for all concentrations of Ca2+
tested and indicated that channel activity increased e-fold (~2.72
times) for a 25.0 ±1.8 mV depolarization for adult (n = 5), and for
a 27.6 ±1.4 mV depolarization for fetus {n = 5). The vertical error
bars indicate SE for 5-7 adults and fetuses. C. Estimation of Cao
for both adult and fetal myocyte BK channels. K//2 values were
estimated from data in A and B. The lines represent the best linear
regression fits to the data (see Table 6 for the detailed values of the
fits).
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Figure 20.

Adult and fetal BK channels phosphorylated by PKA have
similar calcium sensitivity and set-point. Open symbols are used
for the adult and closed symbols are for the fetal myocytes. Both
figures A and B indicate voltage activation curves in varying
membrane potentials in symmetrical 140 mM KC1 for various
intracellular calcium concentrations ([Ca2+]j). Data are channel
activity expressed in G-V relationship. Solid lines indicate best fit
curves to Boltzmann equation. The voltage sensitivities estimated
from the fitted curves were similar for all concentrations of Ca2+
tested and indicated that channel activity increased e-fold (-2.72
times) for a 26.8 ±1.6 mV depolarization for adult (n = 5), and for
a 28.4 ± 2.2 mV depolarization for fetus (n = 5). The vertical error
bars indicate SE for 5-6 adults and 5-7 fetuses. C. Estimation of
Cao for both adult and fetal myocyte BK channels. V1/2 values were
estimated from data in A and B. The lines represent the best linear
regression fits to the data (see Table 6 for the detailed values of the
fits).
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Figure 21.

Adult and fetal BK channels phosphorylated by PKG have
similar calcium sensitivity and set-point. Open symbols are used
for the adult and closed symbols are for the fetal myocytes. Both
figures A and B indicate voltage activation curves in varying
membrane potentials in symmetrical 140 mM KC1 for various
intracellular calcium concentrations ([Ca2+]j). Data are channel
activity expressed in G-V relationship. Solid lines indicate best fit
curves to Boltzmann equation. The voltage sensitivities estimated
from the fitted curves were similar for all concentrations of Ca2+
tested and indicated that channel activity increased e-fold (~2.72
times) for a 28.0 ±1.6 mV depolarization for adult {n = 5), and for
a 27.8 ±1.5 mV depolarization for fetus {n = 5). The vertical error
bars indicate SE for 5-7 adults and 5-8 fetuses. C. Estimation of
Cao for both adult and fetal myocyte BK channels. V1/2 values were
estimated from data in A and B. The lines represent the best linear
regression fits to the data (see Table 6 for the detailed values of the
fits).
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Figure 22.

Calcium set-point of the BK channels is modulated by
phosphorylation. The Cao for each phosphorylation states, native
(circle), dephosphorylated (triangle), PKA (square), and PKG
(diamond), are plotted against the F//2 values at 3.0 pM Ca2+. Open
symbols are used for the adult and closed symbols are for the fetal
myocytes. Solid lines indicate best linear line fit for the
dephosphorylated, PKA, and PKG states. The slopes of the fitted
lines were 1.54 x 10'2 and 1.43 x 10'2 M/mV for adult and fetus,
respectively.
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4.5. Discussion
The calcium-activated potassium channel is an important determinant of
membrane potential L-type Ca2+ channel activity, and vascular tone. Its activity is in part,
determined by its phosphorylation state. In turns, this state of phosphorylation is an
important determinate of is sensitivity to Ca2+, that is calcium set-point. The present
study demonstrates the critical role of the channel state of phosphorylation in determining
its electrical activity. In addition, the present study demonstrates the mechanisms to basis
whereby channel phosphorylation state account for age-dependent increase in Ca2+ set
point with maturation, namely the BK channels from fetal vascular smooth muscle cells
have higher activity (25), and that the channel activity is modulated by protein kinases
and phosphatases (26).
Importantly, our previous findings clearly demonstrated the presence of channelassociated protein kinases and phosphatases, and that functionally, these enzymes
modulate channel activity (26). Kinases and phosphatases have been shown to be
anchored in the membrane (58), on the C-terminus of BK a subunit by an A kinase
anchoring protein (AKAP) (54), or bound directly to the a subunit (62). However, the
location of these channel-associated kinases and phosphatases is yet to be determined in
VSMCs.
Thus, it is likely that the myocyte BK channel are modulated by phosphorylation
and dephosphorylation. To determine whether the difference in Cao a consequence of
differential phosphorylation states/extents of these channels in adult and fetal myocytes,
we defined four phosphorylation states as followings: 1) native state: the physiological
phosphorylation state; 2) dephosphorylation state: BK channels dephosphorylated by
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alkaline phosphatase; 3) PKA phosphorylation state: BK channels phosphorylated by
PKA; and 4) PKG phosphorylation state: BK channels phosphorylated by PKG.
As noted above, we have reported previously developmental differences of BK
channel properties in microscopic excised patch preparations (25). In this present study,
we used macroscopic excised patch preparations to examine BK channel activity change
as a whole. With different [Ca2+]j, voltage-activation curves from freshly excised patches
from fetal myocytes showed a left shift by 19.3 ± 3.1 mV, as compared to freshly excised
patches from adult myocytes. This suggests that in their native phosphorylation state, the
fetal BK channels have greater activity that that of the adult (Figure 18). The
Boltzmann’s equation best-fit curves did not show any significant difference as a function
of differing [Ca2+] or between the two age groups. The averaged change in channel
activity by e-fold was 24.8 ±1.4 mV for adult, and 25.4 ± 1.0 mV for fetus. These
similar values suggest strongly that BK channel voltage sensitivity remains relatively
constant during the course of development. The Ca2+ set-point plot (Figure 18D) showed
a parallel shift between the VSMC BK channels of both age groups. This gives rise to
differing Cao values. The adult Cao was estimated to be -10.9 pM, while that of the fetus
was 5.7 pM. Also, the best-fit linear regression slopes did not differ significantly
between the two age groups (Table 7). Additionally, the change in V1/2 for a 10-fold
change in Ca2+ concentration, AF%0, equaled 63.3 ± 2.3 mV and 60.1 ±1.6 mV for adult
and fetal myocytes, respectively (Table 7). The similarity of the linear regression values
suggests that BK channel calcium sensitivity is similar between the two age groups.
We have shown previously that at 3.0 pM free Ca2+, dephosphorylation, PKA
phosphorylation, and/or PKG phosphorylation each shifted the channel voltage-activation
curves to a similar extent (26). To examine the extent to which phosphorylation might
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affect Cao of BK channels, we used different [Ca2+]. Cleary, when dephosphorylated, the
BK channels from both adult and fetal myocytes had similar V1/2 values for each [Ca2+]
(Figure 19; Table 6). Consequently, Cao values did not differ between the two age
groups (Figure 19C; Table 7).
In a similar manner, PKA phosphorylation state at different [Ca2+] showed similar
V1/2 values for both adult and fetal BK channel voltage-activation curves (Figure 20;
Table 6). When V1/2 values were plotted as a function of [Ca2+], the best fit linear
regression lines and Cao values did not differ between the two age groups (Figure 20C;
Table 7). Not surprisingly, the PKG phosphorylation state showed a similar effect, the
V1/2 values for two age groups of the same [Ca2+] did not differ significantly, nor did the
Cao values.
The parameters of best fitting curves using Boltzmann’s equation and linear
regression for each of the four phosphorylation states showed that phosphorylation
affected neither BK channel voltage sensitivity or calcium sensitivity (Table 6 and 7).
Nonetheless, phosphorylation significantly changed the channel activity and calcium setpoint. Figure 21 summarizes the effect of phosphorylation on V1/2 and Cao. The three
phosphorylation states—dephosphorylation, and phosphorylation by PKA, or PKG
clearly show a linear relationship. The channel native phosphorylation states from both
adult and fetal myocytes reside within the best-fit linear regression, suggesting that
depending on the phosphorylation state, Cao and V1/2 values elicit linear relationships.
This can be a useful tool to study and predict the extent and state of BK channel
phosphorylation.
The regulation of cerebral artery BK channel activity varies with development.
Responses of ovine adult and fetal MCA to iberiotoxin, a selective BK channel inhibitor,
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both showed an increase in tension and [Ca2+]i (30, 53). Surprisingly, the increase in
tension between the two age groups was similar, but fetal vessels demonstrated twice the
increase in [Ca2+]j compared with that for the adult (30). These results reflect the agerelated difference in physiological, resting BK channel properties, and how this may
contribute to Ca2+ handling.
Due to the higher BK channel activity in fetal myocytes as compared to the adult,
these myocytes exhibited higher outward current density when membrane potentials were
depolarized (25). As shown by others, adult and fetal cells have different ryanodine
receptor channel arrangements and Ca2+ spark frequency. Additionally, regulation of
intracellular stores for Ca2+ release varies between adult and fetal VSMCs (34). Because
the arrangement of ryanodine receptor channel and Ca2+ spark frequency appear to
influence BK channel activity directly (18, 42), the lower Ca2+ spark frequency in
myocytes of the fetus may be compensated by an increase in channel activity (25). This
increased channel activity may provide an important mechanism for the fetal myocytes to
modulate vascular tone.
As we have reported previously, the mean unitary conductance of adult and fetal
myocytes BK channels did not differ significantly. Moreover, on the basis of our
Western immunoblotting studies the a-subunit of BK channels in the fetal and adult
myocytes are similarly expressed (data not shown). Thus neither the unitary conductance
or channel protein expression contributed to the relatively higher BK channel current
density in fetal myocytes (25). In addition, the number of functional BK channels present
on adult and fetal myocytes (as reflected in membrane patches of inside-out experiments)
did not differ significantly (25, 26). Thus, the basis of the differing BK channel current
density most likely reflects intrinsic difference in channel activity.
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Perez et al. (41) and Gollasch et al. (18) both reported that in rat basilar arterial
smooth muscle cells, BK channel open probability increased during development from
neonate to adult. Three determining factors—a lower channel voltage sensitivity, a
higher Ca2+ sensitivity, or a lower Ca2+ set-point—may contribute to the higher open
probability of those fetal myocytes (11).
Similar to our findings in microscopic inside-out patches, our macroscopic
technique demonstrated that in basilar VSMCs, the depolarizing voltages required to
produce an e-fold increase in channel activity did not differ significantly. These voltage
sensitivities, 24.8 ±1.4 mV for the adult and 25.4 ±1.0 mV for the fetus, are within the
range of values estimated in other types of smooth muscle cells (11, 37). Thus, voltage
sensitivity does not appear to be age dependent. Moreover, the sensitivity to calcium
relates to the channel affinity for Ca2+ ion binding, and the average number of Ca2+ ions
able to bind the BK channel at a given time (11). We previously have reported that these
channel sensitivities to Ca2+ did not change significantly with age (25).
On the other hand, from the estimation of calcium set-point (Cao) adult BK
channels require 10.9 pM to activate half of the channels at 0 mV, while those of the
fetus require only 5.7 pM. Cao of BK channels from different VSMCs have been
reported to range from 0.5 pM in guinea pig mesenteric arteries (3), to 1 pM in rabbit
portal veins (19), and 1.5 pM in rat pulmonary arteries (2), to 9 pM in hamster
cremasteric arterioles (20). In a previous report on microscopic recordings, we noted the
BK channel Cao to be 8.8 and 4.7 pM in adult and fetal myocytes, respectively (25). Thus,
our estimations of the Cao from macroscopic recordings not only correspond to
microscopic values, but also fit within the higher range reported by other. The relatively
lower fetal Cao implies that at a given [Ca2+]j and voltage, these channels in fetal
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myocytes are more activated than those of the adult. We propose that the lower Cao of
BK channels in fetal cells is either an adaptation to a lower resting [Ca2+]j, (1, 17, 25), or
to higher resting membrane potentials (15), or to compensate for differences in Ca2+ entry.
The aforementioned differences in Cao may well be just the cause of different
tissues and/or species having different BK channel splice variants, or differences in a and
P subunit expression. The pore-forming a subunits, although only one gene of which has
been reported to date, have at least five isoforms (10, 35, 47). Because individual BK a
splice variants show unique expression pattern in the brain, additional channel diversity
may be attributed to the selective expression of differing a isoforms (55). By analogy to
other Ky channels, related tissue specific p-like proteins may exist which potentially
could interact with the a subunit, and contribute to the overall diversity of the BK
channel. At least eight p subunits, expressed from several genes and splice variants, have
been identified to date, and been shown to differ in their effect on BK channels (57, 60).
In VSMCs, the a subunit is associated specifically with the pi subunit (8, 9, 50), which
can increase BK channel open probability as much as 40-fold (43, 56). Thus, variations in
a isoforms and associated auxiliary p subunits may affect the open probability and/or
Ca2+ set-point of the BK channel.
Additionally, the change in Ca2+ set-point may result from differential post
translation regulation. The present and previous studies from our laboratory, as well as
others, have shown that BK channel activity can be modulated by protein kinase
phosphorylation and protein phosphatase dephosphorylation (26, 40, 48, 59). Protein
kinases and phosphatases also have been shown to be developmentally regulated (32, 34).
Thus, BK channel function can be fine tuned by the combination of various tightlyassociated kinases and phosphatases (12, 14, 45). In addition, recent studies have shown
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that dynamic lipid-protein interactions and lipid "rafts" among plasma membrane lipids
can modulate K+ channel activity (7, 33). Caveoli, one form of lipid rafts, are abundant
in VSMCs and play an important role in the signaling cascade (21, 22). Lipid head
groups and the lipid bilayer cholesterol content also affect BK channel activity (13, 38).
Together, post-translational events and factors other critical modulators of BK channels,
and provide important considerations for further research.
In ovine basilar arteries, maturation is associated with decrease Ca2+ release from
ryanodine receptor channels (31, 34). Nevertheless, in neonatal rat basilar VSMCs, these
ryanodine receptor channels do not act in a synchronized fashion to produce Ca2+ sparks
as in the adult (18). It is reasonable to postulate that BK channels in fetal VSMCs have a
lower Ca2+ set-point to counter their less frequent Ca2+ sparks. This may allow fetal
myocytes to respond to a smaller sub-plasmalemmal [Ca2+]j change. In light of this, the
lower Ca2+ set-point of fetal BK channels may act as a protective mechanism to govern
the membrane potential and vascular reactivity.
In conclusion, the present study demonstrates that 1) the BK channel Ca2+ setpoint is significantly lower in the fetus than of the adult; 2) the BK channel Ca2+ set-point
is modulated by phosphorylation; and 3) the BK channel Ca2+ set-point may be used as a
measurement of the extent of BK channel phosphorylation. Because VSMC BK channels
are differentially modulated during development by phosphorylation, the establishment of
how phosphorylation modulates BK channel activity provides innovative insights into the
degree to which BK channels are phosphorylated in intact tissue
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CHAPTER FIVE
INTEGRATIVE DISCUSSION AND CONCLUSION
5.1. Dissertation Findings and Discussion
The present study offers several novel findings. First, 1) fetal ovine basilar
arterial vascular smooth muscle cells (VSMCs) exhibit significantly greater whole-cell
voltage-dependent, outward current density than that of the adult. In VSMCs, there are at
least two voltage-dependent K+ channels— Ky and BK channels. Using selective
blockers for each channel, we found that 2) whole-cell Kv channel activity is not
significantly different between fetal and adult myocytes and 3) whole-cell BK channel
activity is significantly higher in the fetal than adult myocytes. Three factors could
contribute to the higher BK channel current density in fetal VSMCs—single channel
unitary conductance, channel expression level, and open probability of BK channels. We
then examined to tease out mechanistically which factor(s) cause the age-related
difference. We showed that 4) the unitary conductance of BK channels in the adult and
fetal myocytes do not differ significantly. We also estimated the number of BK channels
in excised patches and found that 5) the expression levels of BK channel in adult and
fetal VSMCs are not significantly different. Studying BK channel open probability with
voltage-activation plots, we found that the BK channels from fetal myocytes are left
shifted (more active) by 18.1 ± 1.5 mV relative to that of the adult. Further analysis
showed that 6) the BK channel set-point (Cao) is lower in the fetus than in the adult. Cao
is an arbitrary measurement of BK channel activity with regard to [Ca2+]. It indicates the
amount of Ca2+ required to activate half of the BK channels at 0 mV. The Cao values
were 8.8 pM and 4.7 pM for adult and fetal myocytes, respectively (P < 0.05). This
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suggests that at any specific [Ca2+]j, more of the BK channels in fetal VSMCs are likely
to be activated, as compared to the adult.
Our next question was: what is the cause of the difference in Cao between adult
and fetal myocytes. To answer that question, several factors that may affect BK channel
activity have to be considered. BK channel splice variants, auxiliary p subunit expression,
lipid content, and post-translational modification are some of these possibilities. We
examined post-translational modification, specifically phosphorylation and
dephosphorylation of the BK channels. Our results showed that 7) BK channels of ovine
basilar VSMCs are endogenously phosphorylated. Our observation showed that the BK
channel activity in freshly excised patches decreased with time. Most of this run-down of
BK channel activity could be blocked with a protein phosphatase 2A inhibitor. We used
an innovative experimental protocol to study phosphatase enzymatic activity by
monitoring its effect on BK channel activity. With this protocol, we found that 8) the
channel-associated protein phosphatase 2A activity is higher in the fetal VSMCs than in
the adult. With a similar approach, we determined the activity, effect, and amount of
channel-associated protein kinases on BK channels. We found that 9) the activity of BK
channel-associated protein kinases A and G differ during development. By activating
channel-associated protein kinases using cyclic nucleotides, we showed that 10) the
amount of channel-associated PKA is higher in mature adult than in fetus. Moreover, 11)
the amount of channel-associated PKG does not differ significantly between the two age
groups. Interestingly, fetal and adult BK channels are altered to the same extent by
purified, exogenous PKA, PKG, and alkaline phosphatase. This indicates that the
channel-associated kinases and/or phosphatases may be spatially hindered or limited,
because they do not have access to some of the phosphorylation sites as the free-floating
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exogenous enzyme can. Studying PKA and PKG enzymatic activity also showed that 12)
the channel-associated PKA activity is higher in the adult. However, interestingly,
although the amount of channel associated PKG does not differ, 13) the channelassociated PKG activity is higher in the fetal VSMCs.
With the evidence that BK channel activity can be modulated by phosphorylation
and the presence of channel-associated protein kinases and phosphatases, we further
tested the hypothesis that the cause of different Cao between adult and fetal myocytes is
differential phosphorylation. We defined four phosphorylation states of BK channels
native state, dephosphorylation state, PKA phosphorylation state, and PKG
phosphorylation state. Macroscopic inside-out patches preparations were used to study
BK channel activity in each of the phosphorylation states. Our result showed, confirming
our previous microscopic studies, that the native BK channel activity was higher in the
fetus due to lower Cao compared to that of the adult. Cao of BK channels at different
phosphorylation states differ. However, within the same phosphorylation state, the Cao
of BK channels did not differ between the two age groups. This suggests that 14) the Cao
of the BK channel is modulated by phosphorylation. Best fitting curve analysis further
suggested that 15) phosphorylation and dephosphorylation only change BK channel
activity—the voltage sensitivity was not changed. The Ca0 and V1/2 values from
dephosphorylation, and PKA and PKG phosphorylation states yielded a linear
relationships, and the values from native state lay within the best-fit line. This indicates
that 16) Cao of the BK channel may be used as a measurement or estimation of the extent
of BK channel phosphorylation.
In summary, these findings suggest that at any specified [Ca2+]j, the BK channels
in fetal smooth myocytes are likely to be more active than those in adult, since fetal
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resting levels of [Ca2+]j in the intact vessel have been reported to be lower than adult.
Furthermore, the BK channel activity in VSMCs is modulated during development by
channel-associated protein kinases and phosphatases. Since BK channels are
differentially modulated by phosphorylation and dephosphorylation and the degree of
phosphorylation affects BK channel Cao, this study provides innovative insight into the
role of BK channels as a Ca2+ sensor in VSMCs that may be modulated by protein
kinases and phosphatases. Moreover, BK channels also provide a negative feedback
mechanism by hyperpolarizing membrane potential, which in turn closes voltagedependent L-type Ca2+ channels. Thus, depending on the situation, VSMCs are able to
change the phosphorylation status of BK channels and fine-tune channel activity to sense
•
intracellular
Ca2d" change, and modulate vascular tone and myogenic response.
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5.2. Future Directions
With the conclusion of this study, several projects are awaiting exploration. One
possibility is to scrutinize BK channels themselves. The pore-forming a subunit and
auxiliary p subunit interactions might well differ during development. It is also possible
that the BK channels of the two age groups are composed of different isoforms. Since
the phosphorylation sites have been shown to vary with different splice variants, splice
variation may change BK channel property.
The channel-enzyme complex is another area for exploration. The content of an
excised patch is still unknown. In addition, there are many anchoring locations for
protein kinases and phosphatases. To what extent these enzymes are anchored to the Cterminus of the BK a subunits, or directly bound to the C-terminus of the BK a subunits,
or anchored to nearby membrane lipid is not clear. To understand better the interaction
between the channels and protein enzymes, sorting out their relative locations should
provide new insights.
In addition, along the same line of thought, how is the location of BK channels
controlled? It has been reported that some Ky channel isoforms are grouped together in
cholesterol rich lipid rafts. These Ky channels are believed to be involved in signal
transduction. Moreover, ryanodine receptor channels on the surface of sarcoplasmic
reticulum are clustered to form small complexes and their firing is synchronized to
produce calcium sparks. Since BK channels are pivotal calcium sensing channels on the
membrane, and they respond to numerous factors, it is likely that the BK channel
locations are tightly regulated in relation to the ryanodine receptors.
In the area of basic research, it is almost impossible to fully work out and
understand all the mechanisms and interactions. Ranging from a small ion, to a cell, to
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an organ, to a human being as a whole, the interactions are complex and, can be very
confusing. Each level or research requires its own unique approach, and the complexity
goes up exponentially as the reach project increases a level (e.g. from studying an ion to
studying how the ions interact within a cell). The phenomenon of emergent properties at
higher hierarchal levels is one of great important, but, as yet, is poorly understood.
Moreover, when a new technique is invented, the whole dimension of research is
broadened. After we can learn more with the newly invented technique, and these new
findings bring up more challenges and controversial issues. Having said that, although
research might be challenging, it is fun, exciting, and rewarding. Realizing that it is
impossible to understand everything, I wish to contribute as much as possible to
bioscience. Perhaps in the future, someone will be able to test the hypothesis that
research is not infinite.
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